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Nanomaterials are a central topic of today’s materials science research. As 
knowledge and experience in this field accumulate, materials with complex 
nanostructures have drawn increasing attention due to their highly integrated 
functionality. In particular, hierarchically porous nanomaterials have promising 
applications in catalysis, but their synthesis remains challenging to date. In this thesis, 
novel hierarchically porous silicate materials were developed for applications in 
catalytic hydrogenation of CO2. The thesis consists of four self-contained works, each 
of which focuses on one type of material. 
Firstly, single-walled copper silicate nanotubes (CuSiNTs) in the form of 
hierarchical assemblages were synthesized hydrothermally, followed by tuning of 
their composition via ion exchange of Cu2+ with Mn2+, Fe2+, Co2+, Ni2+, or Zn2+. Two 
types of assemblages of CuSiNTs, i.e. hollow spheres and ordered bundles were 
obtained by tuning the growth kinetics of the copper silicate. Up to 80% of Cu in the 
CuSiNTs was successfully replaced by the dopant elements with the tubular structure 
kept intact. Methanol synthesis from catalytic CO2 hydrogenation was then studied 
using the pristine and Zn- and/or Ni-doped materials, showing positive effects of the 
doping on activity and selectivity. A higher metal utilization was also achieved 
compared with commercial Cu/ZnO/Al2O3 catalysts. 
Secondly, monodisperse silica/aluminosilicate spheres with tunable Al content and 
macro-meso-microporous structures were synthesized in one step for the first time. 
Simultaneous formation of pores in different length scales was made possible by sol-
gel processing in a water-ethanol-toluene-CTAB microemulsion system. Hofmeister 
anion effects of the Al source, [Al(OH)4]–, were found to be an important factor 
determining the pore structure. Loading the hierarchically porous materials with Cu 
VI 
 
and ZnO led to significant activity in methanol synthesis from CO2 hydrogenation, 
and with the incorporation of Al, bi-functional catalysts were obtained which further 
produced dimethyl ether from the methanol formed in situ. 
Thirdly, a sustainable, simple alcohol-assisted synthesis method of hierarchical 
EMT-type zeolite without using conventional organic structure-directing agents was 
developed. The alcohol used in the synthesis was recycled, and the mother liquor 
recovered after separation of zeolite product was used for further synthesis of the 
same zeolite, thus improving materials utilization and reducing waste production 
significantly. The role of alcohols in the control of zeolite polymorphism and the 
hierarchical structure was discussed. When impregnated with Pt and Na species, the 
hierarchical zeolite served as a highly selective, active and stable catalyst for low-
temperature CO production from CO2 hydrogenation. 
Finally, integrated nanocatalysts with ZSM-5 zeolite cores and hierarchically 
assembled Cu/Zn silicate shells were prepared, highlighting the application of 
chemically resistant resorcinol-formaldehyde resin as removable structural spacer in 
the difficult construction of multicomponent silicate materials. The structural 
integrity and chemical properties of the zeolite cores were successfully preserved 
during the hydrothermal synthesis of the silicate shells. The bifunctional 
nanocatalysts were thus able to catalyze hydrogenation of CO2 into methanol and 
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Chapter 1. Introduction 
 
1.1. Overview 
In recent years, fast advance in nanoscience and nanotechnology has realized 
microscopic control of structure of materials on an unprecedented level. For example, 
catalytically active precious metal nanoparticles can be synthesized with very narrow 
size distribution and/or accurately controlled shapes.1-2 Many materials traditionally 
used as catalyst supports such as carbon, SiO2, Al2O3, and TiO2 have also been 
produced with highly ordered mesoporous structures.3-6 In terms of catalyst 
preparation, this has led to widespread interest in nanocatalysts which usually refer to 
free-standing, catalytically active nanoparticles,7 though the active phase of many 
conventional catalysts also exists as nanoparticles. As the ability to manipulate 
materials in the nanometer range paved the way for the design and synthesis of more 
complex nanomaterials, studies on nanomaterials with more than one component and 
3-dimensional structures have become common.8-11 In fact, the structural complexity 
may be extended beyond the nanoscale, for example by organizing composite 
nanoparticles further into micrometer-scale assemblages, affording the possibility of 
preparing integrated nanocatalysts.12 Such catalysts possess well-defined hierarchical 
structures consisting of one or more nanometer-scale active phases (e.g. precious 
metal nanoparticles) and nano-structured catalyst supports (e.g. mesoporous SiO2), 
but their overall size may be large so that the catalysts can be easily separated from 
reactants/products. Obviously the active phase should be in the form of fine particles 
for maximal material utilization, and structure of the catalyst support essentially 
determines structure of the composite nanocatalyst. Synthesis of support materials 
with tightly controlled hierarchical structure and porosity is, therefore, critical to 
successful construction of complex nanostructured catalysts. While extensive 
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research has been carried out on porous materials, it is worth noting that synthesis of 
hierarchically porous materials suitable for integrated nanocatalysts still remains a 
challenging topic and complicated synthesis methods are often required.13 
Among various materials commonly used in heterogeneous catalysis, silicates 
stand out as an ideal choice for the study of hierarchically structured catalyst supports. 
Silicates are the most abundant naturally occurring minerals. The basic unit of silicate 
materials, i.e., the SiO4 tetrahedrons, can connect in different ways either among 
themselves or with oxo/hydroxyl complexes of other metals, giving this group of 
materials enormous possibilities in terms of chemical property and microscopic 
structure.14 In the presence of hard or soft templates, silicates form porous structures 
relatively easily (which will be elaborated in the following chapters), and silica 
sources used to prepare silicate materials are widely available at very low cost.15 In 
addition, silicates generally do not pose significant impact on the environment. 
In the field of environmental technologies, CO2 utilization forms a fast growing 
area of research.16 As global warming gains awareness of the public, there has been 
increasing attention to the development of technologies for reduction of carbon 
footprint. In contrast to CO2 sequestration, conversion of CO2 into useful chemicals is 
potentially a permanent solution to CO2-induced greenhouse effect and probably 
more importantly, to the current dependence of industry on fossil fuels.17 Considering 
the significant progress made in the production of H2 with renewable energy, a future 
chemical industry based on CO2 and H2 may be possible, where fuels and basic 
chemical feedstocks such as ethylene are mainly produced by hydrogenation of 
captured CO2 with renewable H2, achieving zero net emission.18 However, due to the 
chemical inertness of CO2, its hydrogenation kinetics is sluggish.17 Development of 
efficient catalysts for CO2 hydrogenation is thus of paramount importance to the 
proposed sustainable chemical industry. 
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1.2. Objectives and scope 
This thesis is focused on development of hierarchically porous silicate materials 
that are useful either as active catalysts or as catalyst supports in CO2 hydrogenation 
reactions. It aims at exploration of novel synthesis strategies, understanding of the 
underlying science of the synthesis processes, and exploitation of unique properties of 
the abovementioned materials at the same time. More specifically, hierarchically 
porous structures are constructed from materials including clay-type transition metal 
silicate, amorphous silica/aluminosilicate, and aluminosilicate zeolites. According to 
the chemical properties of each type of material, hydrothermal or sol-gel synthesis 
method is chosen, and different methods of pore generation, i.e., hard template-based, 
soft template-based or template-free syntheses is involved. TEM as the main tool of 
characterization is used extensively to understand the formation of the hierarchical 
structures, which in combination with other analytical techniques including XRD, 
SEM, EDX, FTIR, NMR, ICP-OES, and N2 sorption gives a full picture of 
physicochemical properties of the materials. Applications of the materials are 
demonstrated in laboratory-scale catalytic CO2 hydrogenation experiments. In some 
cases where the silicate material serves as catalyst support only, additional active 
components are introduced through impregnation. While mechanistic studies are 
necessary to a deep understanding of catalysis, extended research in this area is 
beyond the scope of the thesis, and the catalytic reactions are mainly discussed on the 
basis of the materials chemistry of the catalysts. 
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1.3. Organization of the thesis 
This thesis consists of eight chapters that are summarized as follows: 
Chapter 1 provides a very brief background and motivation for the present work. 
The significance of developing hierarchically porous silicate materials and CO2 
utilization technologies is highlighted, followed by the introduction of the general 
methodology adopted in this work. 
Chapter 2 mainly reviews methods of synthesizing (hierarchically) porous silicate 
materials in sections that focus on clay-type silicates, amorphous silica, and zeolites, 
respectively. In addition, important catalysts for CO2 hydrogenation are also 
discussed selectively in a separate section. 
Chapter 3 concerns the characterization techniques involved in this thesis. The 
type of instrument, general sample preparation procedures, and other parameters 
affecting the results are described in detail. Information specific to individual projects, 
however, is included in the corresponding chapters. 
Chapter 4 to Chapter 7 present four projects under the main topic of the thesis, 
featuring single-walled transition metal silicate nanotubes, macro-meso-microporous 
amorphous silica/aluminosilicate spheres, hierarchical EMT-type zeolite, and 
composite nanocatalysts with zeolite ZSM-5 cores and Cu/Zn silicate shells, 
respectively. Each of the chapters focuses on a different synthesis strategy and tackles 
a different challenge. In terms of synthesis strategy, Chapter 4 uses hard-templated, 
Chapter 5 dual soft-templated, Chapter 6 template-free method, and Chapter 7 uses a 
multi-step synthesis involving both hard and soft templates to integrate two materials 
closely related to Chapter 4 & 6. The difficulty of synthesis method in the four 
chapters follows an increasing trend. As for challenges addressed, Chapter 4 mainly 
deals with compositional tailoring, Chapter 5 with simultaneous control of 
meso/macropore size and overall particle size polydispersity, Chapter 6 with control 
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of zeolite polymorphism which determines its microporosity, and Chapter 7 with the 
instability of silicate materials during sequential hydrothermal synthesis. Together the 
four projects present a relatively full picture of property tuning of hierarchically 
porous silicate materials. 
Finally, Chapter 8 includes general conclusions and recommendations for future 
research. 
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This chapter mainly reviews the synthesis strategies for three types of porous 
silicate materials: clays, amorphous silica/aluminosilicate, and zeolites. Generation of 
hierarchical porosity, in particular, forms the focus of the review. In addition, 
catalysts used for CO2 hydrogenation into methanol and CO in reported works are 
also briefly introduced. 
 
2.1. Synthesis of porous clay materials 
Clay materials are a group of phyllosilicates, which have layered structures as the 
name suggests. Figure 2.1 illustrates that in this type of materials, SiO4 tetrahedrons 
share 3 of their 4 corner oxygen atoms to form six-membered rings in an extended 
sheet, leaving the fourth corner pointing to the same direction of the sheet. The 
“hanging” corners of the tetrahedrons are shared with a layer of metal ions (Al3+, 
Mg2+ and/or Fe3+ typically) octahedrally coordinated by oxygen atoms. If the metal 
ions are divalent, all of the octahedral sites are occupied and the clay is trioctahedral. 
If the metal ions are trivalent, however, one third of the octahedral sites are vacant 
and the clay is dioctahedral. In addition, the octahedral layer may be connected to one 
tetrahedral layer on one side or to two tetrahedral layers on both sides, forming 1:1 or 
2:1 clays, respectively. The silicate layers stack together, and the interlayer space is 
filled with water and metal ions that balance the negative charge of the silicate layers 
caused by isomorphous substitution of Si4+ with trivalent ions such as Al3+.19 
Due to weak interaction between silicate layers in clay materials, the interlayer 
contents are often exchangeable, leading to the possibility of generating pores by 
pillaring the silicate layers with bulky ion clusters.20 On the other hand, the silicate 
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layers in a number of clay materials are flexible enough to curl to form pores outside 
the interlayer space. The two methods of pore generation will be discussed in separate 
sections to follow. 
 
Figure 2.1. Structure of smectites, a class of 2:1 clay material.21 Figure reproduced 
with permission from ref 21. Copyright 1999 Mineralogical Society of Great Britain 
and Ireland. 
2.1.1. Pillared clay materials 
The process of pillaring clay materials is essentially to force open the interlayer 
space and to fix the loosened structure for accessible pores. This is typically done by 
first saturating the interlayer space of a natural clay material with Na+, then 
exchanging the Na+ with bulky pillaring agents, and finally calcination to crosslink 
the pillaring agents with the silicate layers.22 While there is a wide selection of 
pillaring agents as summarized in Table 2.1, the polyoxycation 
[Al13O4(OH)24(H2O)12]7+ (abbreviated as Al13) is by far the most studied. In addition 
to the low cost of Al sources, advantages of using Al13 to prepare pillared clays are 
that the solution chemistry of Al3+ is well-established and that it can be synthesized 
with high yield from controlled hydrolysis of Al3+ salts.23 Upon calcination, Al13 
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converts to highly stable Al2O3 clusters and leaves uniform micropores in the 
interlayer space. Besides Al, other polycation-forming elements including Zr, Ti, Cr 
and Fe have also been frequently used in the synthesis of pillared clays. They 
generate slightly larger pores in the microporous range, but with a wider size 
distribution.22 
Table 2.1. Selected examples of common pillaring agents22 
Type of pillaring agent Examples 
Organic cations Alkylammonium 
 Dialkylammonium 
Organometallic cations [Co(en)3]3+ 
 [Si(acac)3]3+ 
 [Fe3O(AcO)6AcOH]+ 





 Hydrolyzed Fe salts 
Oxide sols TiO2, TiO2-SiO2 
 Imogolite 
 
An interesting example of pillaring agents that lead to hierarchical pore structures 
is imogolite, being a microporous silicate material itself. Imogolite is an orthosilicate 
mineral that occurs naturally as nanotubes with an outer and inner diameter of ca. 2.3 
nm and 0.8 nm, respectively. Its wall structure consists of a layer of orthosilicate SiO4 
tetrahedrons in the inner side and a layer of AlO6 octahedrons in the outer side.24 As 
depicted in Figure 2.2, imogolite nanotubes can intercalate other layered clay 
materials, probably facilitated by hydrogen bonding or positive charge of imogolite 
induced by a pH much lower than its isoelectric point.25 The resultant pillared clay 
has both interlayer 2–3 mesopores and 0.8 nm micropores intrinsic to imogolite. 




Figure 2.2. Structure of an imogolite-pillared montmorillonite clay.25 Figure 
reproduced with permission from ref 25. Copyright 1988 American Chemical Society. 
However, pillaring of clays has in general limited application in preparing 
hierarchical structures. Intercalation into the interlayer space becomes increasingly 
difficult for bulkier pillaring agents, and as a result, most pillared clays only possess 
micropores. Although colloidal pillaring agents such as SiO2 and TiO2 can afford 
mesopores, size control of the pores is poor.26 
2.1.2. Curled layer clay materials 
Compared with pillaring, directing the curling of silicate layers of clay materials is 
a better strategy of generating larger (i.e., meso- or even macro-) pores. In fact, the 
structure of some clay materials causes an intrinsic tendency of curling, with 
halloysite being a good example. It is a 1:1 dioctahedral aluminosilicate clay closely 
related to kaolinite.27 The mismatch between the tetrahedral layer (a = 5.02 Å, b = 
9.164 Å) compared and the octahedral layer (a = 5.066 Å, b = 8.655 Å) of halloysite 
leads to a stress that favors curling towards the tetrahedral layer and hence formation 
of nanotubes. Depending on location of the deposit, naturally occurring halloysite 
nanotubes may have inner diameter ranging from 5 nm to 70 nm, wall thickness of up 
to 100 nm and length of up to several µm.28 Besides the relatively large cylindrical 
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mesopore/macropore in the center of the nanotubes, halloysite also possesses smaller, 
slit-like micropore/mesopore formed in the interlayer space upon dehydration.29 
Various functional materials such as enzymes and precious metal nanoparticles can 
be loaded into the pores of different scales for applications in catalysis or drug 
delivery,30-32 but wide variation in the properties of natural halloysite poses a 
significant problem in applications that require well-defined composition and pore 
structure.28 In these cases, synthetic halloysite analogues show more potential. 
Synthesis of halloysite-like materials takes advantage of the similarity between 
halloysite and kaolinite, a common mineral that can be obtained in high purity. The 
silicate layers in both minerals have essentially the same structure, the only difference 
being that halloysite is filled with a monolayer of water in the interlayer space while 
kaolinite is not.27 Therefore the silicate layers in kaolinite stack more densely, giving 
a rigid, platy structure. However, under appropriate conditions the kaolinite structure 
can swell up and exfoliate, and subsequently the freestanding thin sheets curl into 
tubular shapes under the effect of the abovementioned intrinsic stress. An example of 
such exfoliation-rolling methods is illustrated in Scheme 2.1.33 Briefly, silicate layers 
in kaolinite were first grafted with methoxy groups to enhance accessibility of the 
interlayer space. Cetyltrimethylammonium chloride was then used to induce further 
intercalation and exfoliation of the modified kaolinite, eventually leading to 
formation of halloysite-like nanoscrolls. Notably, the nanoscrolls contain significant 
quantity of the intercalated organics in their interlayer space and hence differ from 
typical halloysite nanotubes. Figure 2.3 shows that the halloysite-like materials 
prepared by this approach have a relatively uniform tubular structure with an 
interlayer space determined by the intercalation species. Other than long-chain 
quaternary ammonium salts,33-34 a variety of organic compounds can be used for the 
intercalation/exfoliation that include but are not limited to urea, acetates, alkylamines, 
and hydrophilic polymers.35-39 




Scheme 2.1. Schematic illustration of synthesis of tubular halloysite-like materials 
from kaolinite.33 C16TMACl stands for cetyltrimethylammonium chloride. Figure 
reproduced with permission from ref 33. Copyright 2011 American Chemical Society. 
 
Figure 2.3. (a) SEM and (b–d) TEM images of halloysite-like material synthesized 
by intercalation of (a–c) C16TMACl or (d) 3-aminopropyltrimethoxysilane in 
kaolinite. Arrow A points to nanoscrolls while Arrow B points to exfoliated and 
folded silicate sheets.33 Figure reproduced with permission from ref 33. Copyright 
2011 American Chemical Society. 
In contrast to the exfoliation-rolling methods which retain the layered structure of 
clay-type precursors, hydrothermal synthesis of curled layer clays relies less on the 
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structure of precursor, as extensive dissolution-reconstruction is involved and silicate 
layers in the products can be formed in situ from much simpler units such as silicate 
oligomers.40 For example, starting from Na2SiO3 and soluble metal salts, Mg, Ni, Cu, 
Ca, Ba, and Cd silicate nanotubes with serpentine-type clay structure have been 
synthesized through hydrothermal treatment of amorphous silicate precipitates in 
alkaline conditions.41-43 The nanotubes have uniform inner/outer diameters and are 
loosely aggregated. Due to the similar ionic radii of Mg2+ and many first-row 
transition metal ions (Table 2.2), isomorphous substitution between them occurs 
easily as it does in natural clay minerals. It provides large potential for 
functionalization of clay materials. Indeed, Mg-Ni silicate nanotubes with tunable 
Mg/Ni ratios have been obtained by hydrothermal methods and used for catalysis and 
chemical sensing.44-45 
Table 2.2. Crystal ionic radius of Mg2+ and first-row transition metal ions46 
Ion Mg2+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ 
Radius (pm) 86 97* 92* 88.5* 83* 87 88 
*high spin assumed for these ions 
A significant advantage of hydrothermally synthesizing porous clay is the 
possibility of directing the formation of organized secondary structures using 
templates. Ideally, primary clay structures (e.g. nanotubes) will assemble to form an 
outline of a solid precursor after its depletion, thus leading to a hierarchically 
organized structure. Amorphous SiO2 often serves as the sacrificial template and 
metal ions are supplied from the solution. Through alkaline hydrothermal treatment, 
Mg, Mn, Fe, Co, Ni, Cu, and Zn silicates in the form of porous hollow spheres or 
tubes have been synthesized from SiO2 spheres or tubes, respectively.10, 47-52 In these 
materials, the metal silicates occur as thin, curled sheets. Due to fast formation and 
curvature of the sheets, they interact loosely with each other instead of stacking into 
dense layered structures. Large amount of mesopores and high surface areas 
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(exceeding 600 m2/g for example)51 are therefore obtained. It is worth noting that the 
hydrothermally synthesized Mn and Cu silicate clays exhibit particularly interesting 
primary structures of thin-walled nanobubbles48 and nanotubes,50 respectively, with 
diameters below 10 nm as seen in Figure 2.4. The morphology of the Mn silicate has 
been attributed to template effects of CO2 gas bubbles formed in situ,48 but formation 
mechanism of the Cu silicate nanotubes is poorly understood. Nevertheless, the 
examples above have demonstrated simultaneous structural control in different length 
scales, a prerequisite to syntheses of hierarchically porous materials. 
 
Figure 2.4. TEM images of (a) SiO2 spheres and (b–d) hierarchical Mn silicate 
hollow spheres synthesized from the SiO2 spheres.48 Figure reproduced with 
permission from ref 48. Copyright 2014 American Chemical Society. 
In addition to hollow structures, the hydrothermal method has also been used to 
prepare more complex yolk-shell composite materials. Basically, the “yolk” is 
encapsulated in amorphous SiO2 prior to silicate synthesis, and remains in the void 
space left after dissolution of SiO2. For example, Au nanoparticle yolks with 
hierarchical Mn silicate shells have been obtained from Au@SiO2 core-shell spheres 
in an otherwise typical hydrothermal synthesis of hierarchical Mn silicate hollow 
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spheres (Figure 2.5).53 Following the same strategy, other materials including Fe3O4, 
Ag, Au-Pd alloy, MoO2, and carbon nanotubes have also been incorporated into 
hierarchically structured Mg, Cu, and Mn silicates.49, 53-56 However, despite being 
convenient, this method exposes the encapsulated material to severe hydrothermal 
condition and is hence only suitable for integration of stable phases. 
 
Figure 2.5. TEM images of (a) Au@SiO2 core-shell spheres and (b,c) 
Au@hierarchical Mn silicate yolk-shell particles derived from the former.53 Figure 
reproduced with permission from ref 53. Copyright 2015 Wiley. 
 
2.2. Synthesis of hierarchically porous amorphous silica/aluminosilicate 
Compared with clay materials, amorphous silica and aluminosilicate have much 
less defined crystal structure. Therefore no intrinsic tendency to form porous 
structures exists in this type of material, and templates are necessary to the generation 
of pores in amorphous silica/aluminosilicate. Since the first report on synthetic 
mesoporous molecular sieve MCM-41,57 tremendous research has been carried out on 
the synthesis of ordered mesoporous silica. In most cases, it is synthesized by sol-gel 
processing where the product precipitates over time from a clear precursor sol 
containing silica source and templates. A large number of micelle-forming 
amphiphilic compounds including ionic surfactants,58 non-ionic surfactants and block 
copolymers59 are commonly used as template species. The nature and concentration 
of the template, polarity of solvent, temperature, ionic strength, acidity, and presence 
of micelle-swelling agents can all affect the geometry and size of mesopores in the 
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final product.57, 60-62 Studies on this topic have formed a well-established field, and 
synthesis of ordered mesoporous silica with precisely controlled topology and pore 
size between 2–30 nm has become routine. However, pure silica is a rather inert 
material and its functionalization requires incorporation of other elements. Al is the 
most common heteroatom introduced to silica for catalytically active acid sites. 
Although the chemistry of silica and amorphous aluminosilicate is different, their 
syntheses generally follow the same template-based strategy; Al is either introduced 
together with Si sources or grafted onto pre-synthesized silica. The incorporation of 
Al will be covered in more details in Chapter 5. Considering the availability of 
excellent reviews on the synthesis of mesoporous silica,4, 15, 63-64 this section will focus 
on hierarchically porous structures consisting of not only mesopores. To be specific, 
methods of simultaneously generating mesopores and macropores will be reviewed. 
2.2.1. Combined hard and soft templates 
While ordered mesopores are almost invariantly generated by micelle-forming soft 
templates, the most straightforward way of creating macropores seems to be 
replicating the shape of hard templates. Natural products with macroporous structures 
such as wood have been used as template, the mineralization of which in the presence 
of surfactant and silica source resulted in macro-mesoporous replica of the wood 
structure.65 However, for more well-defined porosity, synthetic templates are required. 
One of the most widely used hard templates in the synthesis of ordered macro-
mesoporous silica is polystyrene (PS) spheres. They are produced commercially 
through emulsion polymerization, and are readily available as monodisperse particles 
with diameter of several tens of nm to over 1 µm. As depicted in Scheme 2.2, the 
hard templates can be used either in an assembled, colloidal crystal form or in a free-
standing particulate form (a close-packed superlattice of the PS particles is easily 
obtained by controlled evaporation of solvent in a PS colloid).13, 66 In the first case, a 
precursor sol is allowed to fill the inter-particle voids in the hard template assemblage 
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and condense into a silica framework. In the second case, the colloidal hard template 
is suspended in a precursor sol and silica is coated onto the template to form a shell. 
With presence of an additional micelle-forming template in the sol, hierarchical 
macro-mesoporous silica is obtained. 
 
Scheme 2.2. Creation of macropores using colloidal hard templates.13 Figure 
reproduced with permission from ref 13. Copyright 2013 Royal Society of Chemistry. 
In one example shown in Figure 2.6, a sol containing TEOS, Pluronic F127 block 
copolymer and HCl was allowed to infiltrate the PS spheres assemblage, followed by 
gelation and calcination to form a hierarchically porous silica monolith with highly 
ordered structures in both the mesoporous and the microporous regime.67 Importantly, 
the macropores are interconnected so that the whole internal surface is accessible. 
The interconnection is apparently a result of direct contact between template PS 
spheres. It was later shown that the size of such openings could be conveniently tuned 
by annealing the PS assemblage at different temperatures, as the contact area between 
PS spheres increased with more extensive heat treatment.68 




Figure 2.6. (a) SEM and (b) TEM images of a hierarchically macro-mesoporous 
silica monolith prepared with polystyrene beads-block copolymer dual templates.67 
Figure reproduced with permission from ref 67. Copyright 1998 American 
Association for the Advancement of Science. 
On the other hand, when used in a free-standing state, PS spheres can direct the 
formation of relatively well-separated hollow mesoporous silica spheres. The material 
shown in Figure 2.7, for example, was obtained by sol-gel growth of CTA+-templated 
silica on suspended PS spheres and subsequent removal of templates through 
calcination.69 Unlike colloidal crystals that retain precursor sols by capillary forces, 
free-standing templates rely on affinity of silicate species to their surface. Use of bare 
PS spheres as template has the issue of weak interaction with silica sources due to the 
nonpolar nature of PS, and surface modification is necessary.70 However, the 
modification step is not always mentioned because commercially available PS 
spheres are already modified by stabilizers used during production.71 
 
Figure 2.7. TEM images of hollow mesoporous silica spheres prepared with free-
standing polystyrene spheres as hard template. Arrows indicate regions with 
hexagonally packed mesopores.69 Figure reproduced with permission from ref 69. 
Copyright 2005 American Chemical Society. 
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Another useful polymeric hard template is polyurethane (PU) foam. It is produced 
in industrial scales at larger scale and lower cost than PS spheres. Unlike colloidal 
crystals assembled from individual particles, foams being continuous scaffolds are 
mechanically stable. However, the principle of foam-templated synthesis of 
hierarchical silica is similar to that of colloidal crystal-based methods; the foam is 
impregnated with precursor sol for deposition of mesoporous silica on its internal 
surfaces as illustrated in Scheme 2.3.72 The surface of PU is hydrophilic due to the 
presence of highly polar urethane groups, which facilitates wetting by precursor sol 
and binding of silica. As a result, accurate replica of the foam structure can be 
achieved despite large pore size (sub-millimeter) of the foam (Figure 2.8). Similarly, 
polystyrene foam has also been used as template for the synthesis of macro-
mesoporous scaffolds.73 
 
Scheme 2.3. Synthesis of hierarchical macro-mesoporous silica scaffolds with foam-
type hard templates.72 Figure reproduced with permission from ref 72. Copyright 
2010 American Chemical Society. 





Figure 2.8. (a) SEM image of a commercial polyurethane foam, and (b) SEM and (c) 
TEM images of hierarchical macro-mesoporous silica synthesized with the foam 
template. The ordered mesopores were generated by the Pluronic P123 tri-block 
copolymer.72 Figure reproduced with permission from ref 72. Copyright 2010 
American Chemical Society. 
Although not as widely applied as their polymeric counterparts, inorganic 
scaffolds are also used as hard templates in the synthesis of porous silica. Anodic 
alumina membranes (AAM) are a representative member in this class. They possess 
cylindrical pores running through the membrane’s thickness as shown in Figure 2.9a. 
The pore structure is hence different from that of polymer foams and colloidal 
crystals, as pores are essentially 1-dimensional in AAM. When mesoporous silica is 
cast with AAM and the alumina is dissolved with acid, arrays of rods are obtained in 
a comb-like arrangement (e.g. Figure 2.9b).74 An interesting phenomenon observed in 
AAM-templated synthesis is that the orientation of mesopores within the silica rods is 
controllable due to interaction between mesopore templates and surface of the high-
aspect ratio channels of AAM.75 
 
Figure 2.9. SEM images of (a) an anodic alumina membrane76 and (b) an array of 
mesoporous silica rods synthesized with anodic alumina membrane as template.74 
Figure reproduced with permission from (a) ref 76, copyright 2006 Nature Publishing 
Group, and (b) ref 74, copyright 2003 Wiley. 
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In fact, silica itself can serve as templates, but since selective removal of template 
would be virtually impossible if mesoporous silica were to be simple grown on silica 
templates, synthesis procedures involving these templates are fundamentally different 
from those mentioned above. Instead of relying on externally supplied silica source 
while keeping the template intact, silica-templated synthesis consumes the template 
as hierarchical structures form. For example, by treating colloidal silica spheres with 
an alkaline aluminate solution in the presence of CTAB, hollow mesoporous 
aluminosilicate spheres have been obtained which have inner diameter close to the 
diameter of the template spheres.77 Scheme 2.4 illustrates that the synthesis proceeds 
by a two-step mechanism. The silica template is first etched by OH– and the dissolved 
silicate species then assembles with aluminate and CTA+ on the surface of the 
template to form a shell.  
 
Scheme 2.4. Synthesis of hollow mesoporous aluminosilicate spheres (HMAS) using 
silica spheres as hard template. I: etching of silica spheres. II: assembly of 
aluminosilicate species with surfactant micelles.77 Figure reproduced with permission 
from ref 77. Copyright 2012 American Chemical Society. 
It is also possible to generate hollow structures with only an etching step that has 
to progress from inside out; the product will thus preserve the overall shape of the 
template. A surface-protected etching method has been developed where the interior 
of colloidal silica spheres coated with PVP is selectively dissolved with NaOH to 
form hollow spheres.78 Figure 2.10a shows that the shells of the hollow spheres are 
porous as a result of partial dissolution. Later, it was discovered that a surface 
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protecting agent is optional in the etching process, as the silica spheres synthesized by 
sol-gel methods are chemically inhomogeneous and the interior, less condensed part 
is intrinsically more prone to dissolution.79 The inhomogeneity was demonstrated 
nicely by etching template silica spheres synthesized with multiple sol-gel processes, 
which produced multi-shell particles (Figure 2.10b). Naturally one will expect 
ordered mesoporous silica spheres derived from a sol-gel process to have similar 
chemical inhomogeneity, and indeed preferential dissolution from inside out of such 
materials has been confirmed in hydrothermal conditions.80 As is evident in Figure 
2.10c,d, the resultant hollow spheres possess highly ordered mesopores in the shell. 
 
Figure 2.10. TEM images of (a) hollow silica spheres prepared by surface-protected 
etching,78 (b) Au@silica multi-shell particles prepared by direct hot water etching,79 
and (c,d) hollow mesoporous silica spheres prepared by one-step hydrothermal 
synthesis.80 Figure reproduced with permission from (a) ref 78, copyright 2008, and 
(b) ref 79, copyright 2011 American Chemical Society. 
In the hard template-based methods discussed so far in this section, the templates 
are already formed with a definite morphology before being used for the syntheses of 
hierarchically porous silica. However, in-situ hard templates take shape 
simultaneously with the target product, i.e., precursors for both the template and the 
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target product are introduced together to the synthesis procedure as one phase, and 
only as reactions proceed does the template form a separate solid phase to influence 
morphology of the product phase. Either chemical or physical processes can trigger 
the growth of the template phase. Polymerization of soluble precursors into insoluble 
macromolecules, for example, has been used for this purpose. In a recent work, a dual 
template method involving PEO-PS block co-polymer as template for mesopores and 
phenolic resin as in-situ template for macropores was adopted to synthesize 
hierarchically porous silica/titania.81 As illustrated in Scheme 2.5, soluble precursor 
for the phenolic resin (resol) was introduced together with other reagents in a single 
sol. The resol condensed into a separate phase during the synthesis process, forcing 
the oxide phase along with the embedded block co-polymer micelles into a 
macroporous scaffold. Apparently, in such methods two template species influence 
each other in the self-assembly process, and their physicochemical properties should 
be sufficiently different for efficient phase separation. In this case, the stronger 
hydrogen bonding capability of the block co-polymer is cited as an important factor 
in the successful synthesis; it promotes selective inclusion of the block co-polymer in 
the inorganic phase.81 
 
Scheme 2.5. Synthesis of hierarchically porous silica/titania scaffolds by in-situ hard 
template-based method. BCP: block co-polymer.81 Figure reproduced with permission 
from ref 81. Copyright 2014 American Chemical Society. 
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Ice is also a unique in-situ hard template, the formation of which is triggered by 
physical freezing. The template effect of ice has been in extensive practical use, for 
example in food preservation by freeze drying. It is interesting from a material 
chemistry’s perspective, though, that morphology of the ice template can be precisely 
controlled. Using a unidirectional freezing technique, growth of columnar ice crystals 
in arrays has been made possible in the condensation process of silica sol which 
resulted in highly porous silica microhoneycombs.82 The advantage of ice template is 
obviously its low cost and facile removal. However, simultaneous generation of 
mesopores in ice-templated synthesis could be challenging, because common 
templates of mesopores require moderate temperatures for micelle formation. 
2.2.2. Dual soft templates 
The size of micelles formed by various amphiphiles differs greatly. As an example, 
block co-polymer micelles can be significantly larger than ionic surfactant micelles 
(4–20 nm versus 2–5 nm).4 Construction of hierarchical pore structure is hence 
possible by combination of soft templates with different micelle sizes. However, pore 
size/shape control is not trivial in practice. Due to interaction between template 
species, the same soft template usually generates pores with different characteristics 
in a combined templates system compared with when used alone, and the template 
phases often merge and no hierarchical structure is obtained.83-84 Careful selection of 
the template species is therefore of critical importance. The combination of block co-
polymer (poly(ethylene-co-butylene)-block-poly(ethylene oxide)) and amphiphilic 
ionic liquid (1-hexadecyl-3-methylimidazolium chloride) is a successful example; the 
interlinked 12 nm and 2–3 nm mesopores seen in Figure 2.11 were generated by the 
block co-polymer and the ionic liquid, respectively.85 Note that colloidal crystal of PS 
spheres was also used as hard template for the spherical macropores, adding a third 
hierarchy to the pore structure. 




Figure 2.11. TEM images of hierarchically porous silica synthesized in a combined 
template system containing PS spheres, a block co-polymer and an amphiphilic ionic 
liquid. The inset shows the 2–3 nm mesopores.85 Figure reproduced with permission 
from ref 85. Copyright 2004 American Chemical Society. 
Micellar templates have the advantage of exhibiting well-defined morphology and 
to certain degree predictable sizes. However, pore sizes larger than ca. 30 nm are 
difficult to achieve with micellar templates even in the presence of swelling agents.4 
To direct formation of macropores using soft templates, micro-droplets of a separate 
phase serve the purpose better. The most apparent method of obtaining such 
templates is by generation of emulsions. For example, hollow mesoporous silica 
spheres with diameters of 1–100 µm have been synthesized in a kinetically stabilized 
oil-in-water emulsion, where oil micro-droplets are templates for the micrometer-
sized central void and cationic surfactant micelles for mesopores in the wall.86 The 
cationic surfactant served as stabilizer of the emulsion at the same time. Controlled 
condensation of silica at the oil-water interface is crucial to the success of the method. 
In this case, TEOS was preferentially dissolved in the oil phase while its hydrolysis 
catalyst and surfactant were supplied from the aqueous phase, which limits the 
reaction effectively at the surface of the oil droplets. Non-aqueous emulsions have 
also been used for the synthesis of hierarchically porous silica, but since silica is 
inevitably derived from hydrophilic intermediates in sol-gel processes, at least one of 
the phases in the emulsion system needs to be able to dissolve such intermediates.80 It 
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is worth noting that in emulsions with very high content of dispersed phase and 
uniform droplet size, the micro-droplets can assemble into colloidal crystals similar to 
those formed by hard template spheres.87 The assemblage is fixed by gelation of the 
continuous phase and ordered macropores scaffolds can be obtained. Although in this 
method it is not necessary to confine the condensation of silica at the interface, the 
preparation process of the emulsion is significantly more complicated than that in the 
synthesis of hollow silica spheres. 
In contrast to ordinary emulsions which require continuous input of energy to 
prevent coalescence, microemulsions form spontaneously and are thermodynamically 
stable.88 Processing of microemulsions is hence simpler, making them an attractive 
choice for synthesizing hierarchically porous materials. In addition, as droplet size in 
microemulsions is typically below 100 nm which is difficult to reach in ordinary 
emulsions, microemulsion-based syntheses fill in the gap between pore sizes 
achievable by micelle templates and by ordinary emulsion templates.89-92 Droplet size 
and structure in a microemulsion are tuned by changing the composition. For example, 
Figure 2.12 shows that by adjusting the amount of the oil phase, hierarchically porous 
silica spheres with different macropore sizes were obtained through otherwise the 
same synthesis method.90 The microemulsion was bicontinuous, leading to readily 
interconnected macropores and hence a wrinkled structure. 




Figure 2.12. SEM and TEM images of macro-mesoporous silica spheres synthesized 
in a cyclohexane-isopropanol-water microemulsion with different oil/water ratios. 
Cetylpyridinium bromide was used as surfactant and template for mesopores.90 Figure 
reproduced with permission from ref 90. Copyright 2012 American Chemical Society. 
Organic solvents are not the only possible soft template for macropores. 
Concentrated electrolyte solution as an example has been reported to separate in situ 
into an individual phase from self-assembled composite of block co-polymer and 
silica gel, affording a hierarchically macro-mesoporous scaffold.93 
2.3. Synthesis of hierarchically porous zeolites 
Zeolites are microporous molecular sieves in general. Their basic structure units, 
i.e., SiO4 and AlO4 tetrahedrons, are the same as those of amorphous aluminosilicate, 
but zeolites have highly ordered crystal structures that are intrinsically microporous. 
There is strict correspondence between crystal structure and micropore size of 
zeolites which is in the same range as the molecular size of refinery products.94-95 
Furthermore, unlike ordered mesoporous silica, many zeolites can be prepared 
without organic templates.96 Development of synthetic zeolites hence started earlier, 
and wider application of zeolites as catalysts in petrochemical processes has been 
realized.15, 95 While the well-defined micropore size of zeolites provides high 
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selectivity, limited mass transfer efficiency in the micropores causes problems such 
as poor accessibility to reactants and deactivation by coke deposition. Generation of 
larger, open pores interconnected to the micropores is necessary to the resolution of 
the issues, which has led to increasing interest in hierarchical zeolites.97-99 
In contrast to the now well-established production methods of purely microporous 
zeolites, synthesis of hierarchical zeolites is a relatively young field of study. 
However, being an industrially relevant and academically interesting topic, it has 
attracted the attention of many research groups and significant progress has been 
made.97, 100-101 The similar chemical composition of zeolites and amorphous 
silica/aluminosilicate suggests that template-based methods introduced in Section 2.2 
can also be applied to the synthesis of hierarchical zeolites, which is indeed true. In 
addition, unique strategies of creating mesopores/macropores in zeolitic materials 
exist as a result of their crystalline structure and worth separate discussion. It should 
be mentioned here that structure-directing agents (SDAs), sometimes also referred to 
as templates, are usually needed to guide crystallization of a desired zeolitic phase. 
The templates to be discussed in this section are specifically those for the generation 
of pores not native to the crystal structure of a zeolite.  
2.3.1. Template-based methods 
Synthesis of zeolites requires arrangement and rearrangement of basic structure 
units to a significantly larger extent than that in the synthesis of amorphous silica.102 
Therefore, to achieve comparable throughput the synthesis conditions for zeolites are 
harsher (e.g., higher temperature, pressure, and/or alkalinity), which demands higher 
stability of pore-generating templates. Furthermore, compared with amorphous silica 
the crystalline nature of zeolites makes it less favorable for the product to conform to 
the shape of the template. Synthesis of hierarchically porous zeolites is hence more 
difficult in general. 
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Carbon has been adopted as a stable template material for mesopores and 
macropores in zeolites.103-105 Due to weak interaction between carbon and zeolites, 
carbon templates are usually used as fillers during synthesis of zeolites in confined 
space, i.e., the space for growth of zeolite crystals is limited, so that the zeolite is 
forced to grow around the template.103, 106-107 For such purpose, steam-assisted 
conversion has been developed as an effective strategy, where mixtures of carbon and 
zeolite precursors in solid forms are treated with steam and zeolites crystallize 
directly in the solid phase.106 Alternatively, impregnation of carbon scaffolds with 
zeolite precursor gels can also be used to limit zeolite growth within the pores of the 
template.108 In terms of synthesis procedure, this strategy is similar to the foam-
templated synthesis of silica (Scheme 2.4). Depending on the morphology of the 
template (e.g. carbon black, nanotubes, ordered porous carbon, or irregular scaffold), 
ordered/disordered pore networks with sizes generally in the mesoporous range can 
be obtained after calcination in air.98 In addition, it is worth mentioning that carbon 
template can be formed in situ during preparation of zeolite precursor gels, for 
example by decomposition of sugars mixed with zeolite precursors.109 The resulting 
mesopore structure is irregular. The morphology of some reported carbon-templated 
zeolite products are shown in Figure 2.13. Other than carbon, stable inorganic 
materials such as CaCO3 have also been used as hard templates which need to be 
removed by acid.110  
 
Figure 2.13. TEM images of (a) mesoporous silicalite-1 templated by carbon 
nanotubes111 and (b) mesoporous zeolite beta templated by ordered carbon scaffold.112 
Figure reproduced with permission from (a) ref 111, copyright 2001, and (b) ref 112, 
copyright 2011 American Chemical Society. 
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Despite their lower stability compared with carbon, organic polymers can serve as 
hard templates in the synthesis of hierarchically porous zeolites. Colloidal crystal of 
PS spheres, for example, has been used to prepare macroporous silicalite-1 through a 
procedure similar to that for the synthesis of amorphous silica (Scheme 2.3).113 
However, there existed the difference that the PS spheres were mechanically unstable 
at the zeolite synthesis temperature of 130°C.  To prevent collapse of the macropore 
structure, the zeolite precursor gel was allowed to fully harden after impregnation of 
the colloidal crystal template and crystallization of zeolite occurred in a pseudo-solid-
state transformation. Besides PS, several other synthetic and natural polymer 
scaffolds including phenolic resin, starch and cellulose have been proven useful as 
hard templates in zeolite synthesis.114-116 The hydrophilicity of these polymers 
facilitates interaction with zeolite precursors, which is an advantage over carbon 
templates. However, impurities in the natural materials could be an issue in sensitive 
applications. 
Zeolite precursor materials themselves may function as hard templates in certain 
conditions and simplify the synthesis procedure of hierarchically porous zeolites by 
eliminating the template removal step. A good example is the synthesis of ordered 
macroporous silicalite-1 monolith using silica spheres as both the silica source and 
template.117 Briefly, micrometer-sized mesoporous silica spheres were coated with 
silicalite-1 seed crystals with the assistance of polyelectrolytes, allowed to settle into 
a colloidal crystal by sedimentation and hydrothermally treated with a clear zeolite 
precursor solution (Scheme 2.6). Crystallization of zeolite occurred on the surface of 
the silica spheres due to the seed crystals, and as the template dissolved, 
interconnected zeolite shells formed a negative replica shown in Figure 2.14. 




Scheme 2.6. Synthesis procedure of ordered macroporous silicalite-1 monolith.117 
Figure reproduced with permission from ref 117. Copyright 2002 Wiley. 
 
Figure 2.14. SEM images of (a,b) surfaces and (c) a cross-section of the ordered 
macroporous silicalite-1 monolith synthesized with silica spheres as template.117 The 
arrows indicate the thickness of zeolite wall merged from two adjacent hollow 
spheres. Figure reproduced with permission from ref 117. Copyright 2002 Wiley. 
As in the synthesis of amorphous silica/aluminosilicate, soft templates can 
generate mesopores and macropores during synthesis of zeolites. However, templates 
commonly used to synthesize mesoporous silica such as amphiphilic monocationic 
quaternary ammonium salts have failed to direct formation of mesoporous zeolites; 
separate microporous (zeolitic) and mesoporous (amorphous) phases were obtained 
instead, probably due to insufficient interaction between the mesopore template and 
the zeolite framework.118 One way to enhance the template-zeolite interaction is 
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increasing charge of the template. For example, the commercial cationic polymer 
PDDA has been used to successfully synthesize mesoporous zeolite beta particles.119 
Figure 2.15 shows that the zeolite particles are single crystals with interconnected 
open mesopores. The size of the mesopores (up to 15 nm) is believed to correspond to 
the size of the solvated PDDA macromolecules, as the pore size could be tuned by 
changing the molecular weight of PDDA. 
 
Figure 2.15. (a) SEM and (b) TEM images of mesoporous zeolite beta synthesized 
with PDDA as template. Inset in (a): SAED image of a zeolite particle. Inset in (b): 
FFT result of the shown TEM image. Mesopores are outlined by red drawings.119 
Figure reproduced with permission from ref 119. Copyright 2014 American Chemical 
Society. 
An elegant strategy of synthesizing mesoporous zeolites takes the advantage of 
tight inclusion of structure-directing species in zeolitic micropores. Essentially, 
special templates have been designed that include extended hydrocarbon groups 
linked to known SDA molecules. While the structure-directing moiety acts as 
nucleation center of zeolite to ensure strong affinity of the zeolite to the template 
molecules, the nonpolar hydrocarbon groups are repelled by the zeolite framework 
and form spacers that eventually lead to mesopores upon calcination.120-121 The same 
template molecules are thus responsible for both the framework micropores and 
extra-framework mesopores, and can be considered bifunctional. In a notable work 
using C18H37–N+(CH3)2–C6H12–N+(CH3)2–C6H12–N+(CH3)2–C18H37(Br–)3 as template 
(abbreviated as 18-N3-18),121 MFI-type zeolite crystals were synthesized with 
hexagonally ordered mesopores as shown in Figure 2.16. 




Figure 2.16. (a) Molecular structure of the 18-N3-18 template, and (b) SEM and (c) 
TEM images of the ordered mesoporous MFI-type zeolite synthesized with the 
template. Inset: FFT result of the TEM image showing the meso-scale ordering.121 
Figure reproduced with permission from ref 121. Copyright 2011 American 
Association for the Advancement of Science. 
To achieve even stronger interaction between mesopore templates and zeolite 
frameworks, covalent bonding needs to be involved. Typically, organosilanes with 
hydrolyzable silicate bonds are used as the reactive templates.122-125 During zeolite 
synthesis, the silicate bonds are cleaved and condensation with silanol groups on the 
zeolite links the template molecules to the zeolite framework through Si–O–Si 
bridges. The remaining non-hydrolyzable group of the template then serves as spacer 
to create organic domains, and after calcination, textural pores within zeolite particles. 
The grafting of zeolite surface with organosilanes has remarkable inhibiting effects 
on the growth of zeolite crystals. As a result, hierarchically porous zeolites 
synthesized with this type of templates usually consist of nanometer-sized crystallites 
separated by disordered mesopore networks. Size of the mesopores can be tuned by 
changing the non-hydrolyzable group in the template.122 However, success of the 
organosilane-based method is highly dependent on careful choice of the time and 
amount of template introduced to zeolite precursor gels; if the templates are added in 
excess or before zeolite seeds are formed, crystallization of zeolite is completely 
suppressed.126-127 
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2.3.2. Intergrowth and aggregation of zeolite nanocrystals 
Compared with processes of conventional zeolite production, template-based 
syntheses of hierarchically porous zeolites involve more steps and/or more costly 
specialty chemicals that make applications in industrial scale prohibitive. However, 
approaches to generating textural pores during zeolite synthesis without 
corresponding templates do exist, one of which relies on the crystal structure of 
zeolites. Some pairs of zeolitic frameworks, for example MEL/MFI, EMT/FAU and 
CAN/SOD, have very similar basic building blocks but different overall topology, 
which facilitates twinning/intergrowth between individual crystallites at fixed 
angles.128-130 If the crystal growth is anisotropic enough (e.g. leading to a sheet-like 
shape), such intergrowth generates space between crystallites, and a 3-dimensional 
network of crystals forms with a well-defined overall structure. For example, using 
tetrabutylphosphonium as the SDA which induces extensive MFI-MEL intergrowth, 
ultrathin MFI-type zeolite sheets have been synthesized in an orthogonally 
intergrown, house-of-cards form seen in Figure 2.17a,b.131 No templates for 
mesopores were involved. It was believed that MEL domains were present at the 
joints of the MFI sheets to ensure their 90° intergrowth (Figure 2.17c). Similarly, 
synthesis of FAU-type zeolites in house-of-cards forms has also been reported 
without templates for mesopores (Figure 2.17d).132 The FAU sheets interpenetrate at 
109.5° angles due to intergrowth of FAU (cubic) and EMT (hexagonal) phases.133 




Figure 2.17. (a) SEM and (b) TEM images of a hierarchical MFI-type zeolite. (c) A 
possible formation mechanism of 90° intergrowth between MFI sheets. The central 
region highlighted in pink is an MEL-type tetragonal domain.131 (d) SEM image of a 
hierarchical FAU-type zeolite synthesized in the presence of Zn2+.132 Figure 
reproduced with permission from (a–c) ref 131, copyright 2012 American 
Association for the Advancement of Science, and (d) ref 132, copyright 2015 Royal 
Society of Chemistry. 
For zeolites without significant tendency towards intergrowth, generation of 
textural pores is also possible in the absence of templates, albeit with less 
morphological control over the final product. In such cases, stable mesopores form by 
random aggregation/assembly of zeolite nanocrystals. The formation of zeolite 
nanocrystals requires high concentrations of zeolite nuclei, and it seems that the 
strategy of increasing the concentration of precursor gels has gained the most success 
so far.97-98 As mentioned in Section 2.3.1, steam-assisted conversion of solid 
precursors can create a confined space to enhance interaction between zeolite and 
inert templates. Apparently, interaction between individual zeolite crystallites is 
increased at the same time, and in addition, very high precursor concentrations are 
achieved. However, the drawbacks of the simple solid-phase conversion are relatively 
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poor mechanical stability of products and its sluggish kinetics due to limited mass 
transfer. 
2.3.3. Etching of pre-formed zeolite 
Processes for production of micrometer-sized zeolite crystals are well-established 
in large scales. From an economical perspective, it is desirable to develop methods of 
preparing hierarchically porous zeolites that require minimal modification of the 
conventional industrial processes. Therefore, post-synthesis etching of conventional 
zeolite products has so far been the most widely adopted strategy of obtaining 
mesoporosity in industry.134 Generally, different treatments are required to remove Al 
or Si in zeolite frameworks while keeping the overall crystal structure stable. Voids 
are thus created in the originally continuous interior of zeolite crystals. 
It has long been recognized that high-temperature calcination or steaming causes 
tetrahedrally coordinated Al to migrate out of the zeolite frameworks in octahedrally 
coordinated forms.135-137 The extra-framework Al species can then be selectively 
dissolved by mild acid treatment, and an overall dealumination is achieved. Ultra-
stable zeolite Y (USY) used in catalytic cracking of hydrocarbons, for example, is 
produced in this way.138-139 As framework Al is removed, vacant sites are left which 
in sufficient amounts coalesce into mesopores.140-141 Alternatively, leaching of 
framework Al can be achieved directly by etching with acid or chelating agents.134 
However, since zeolites useful in catalysis contain far less Al than Si as framework 
atoms, only limited mesoporosity can be generated through dealumination. It has also 
been found that pores derived from dealumination are often embedded in zeolite 
crystals and poorly accessible.142 In addition, catalytic properties of zeolites are 
significantly affected by dealumination because their acidity is determined by the 
amount and chemical environment of framework Al atoms. These drawbacks lead to 
more interest in desilication as the main method of pore generation. 
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Selective desilication of zeolites is facilely performed by treatment with a dilute 
NaOH solution (e.g. 0.2 mol/L).143-144 It is particularly effective in introducing 
mesopores to moderately silica-rich zeolites (Si/Al = 25–50), where leaching of Si is 
easily controlled and the mesopores obtained are open.145 At lower Si/Al ratios, 
leaching is hindered by framework Al. Therefore to generate meaningful amount of 
mesopores in low-silica zeolites, dealumination is necessary which can be performed 
concurrently with desilication by more concentrated NaOH solutions (Al is 
amphoteric).146 However, the process is accompanied by significant loss of yield and 
the efficiency of pore generation is still poor compared with desilication of more 
silica-rich zeolites. On the other hand, if the Si/Al ratio of the zeolite is too high (>50), 
desilication by NaOH proceeds uncontrollably leading to large pores with small 
surface area and crystal structure of the zeolite is destroyed. Improvement of the 
method has been observed with additional supply of Al in the alkali solution when 
extremely silica-rich zeolites were treated.147 A more interesting finding is that 
organic SDA molecules (e.g. tetrapropylammonium in ZSM-5) hinder the desilication 
process, probably by blocking the access of OH–. Compared with the moderating role 
of externally supplied Al, this effect is less dependent on the Si/Al ratio of zeolites.147 
New methods of desilication thus emerged which involve the use of 
tetraalkylammonium ions either in their free form in the alkali solution or as fixed 
species in as-synthesized zeolites. The tetraalkylammonium-assisted processes 
produce remarkably larger mesopore surface areas than processes based solely on 
NaOH at the same yield.148 Notably, processes for continuous desilication of USY 
have been reported.149 The quality of pores in the products is similar as that obtained 
from batch operations, which suggests large potential in industrial applications. 
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2.4. Catalysts for methanol and CO synthesis by CO2 hydrogenation 
Methanol is a basic petrochemical produced in large scales. Due to its simple 
structure and rich chemistry, there has been increasing interest in the potential role of 
methanol in green technologies. A bold idea of replacing oil and gas with methanol as 
the basis of industry has been proposed, where methanol is synthesized from captured 
CO2 and renewable H2 and converted to various hydrocarbons currently produced in 
the petrochemical industry.18 In this way, emission is minimized and dependence on 
fossil fuels can be eventually eliminated. 
Traditionally, methanol is produced from syngas which in turn is derived from 
steam reforming of natural gas or coal gasification.150 ZnO/Cr2O3 catalysts were used 
in early years, but soon more efficient Cu/ZnO/Al2O3 catalysts that require milder 
reaction conditions dominated the industry, and have since remained as the 
standard.151 Usually the catalysts are prepared by co-precipitation of Cu2+, Zn2+ and 
Al3+ into mixed hydroxycarbonates and calcination of these intermediates. Active 
catalysts containing finely dispersed Cu nanoparticles are obtained after reduction of 
the resultant mixed oxides with H2.152 The industrial Cu/ZnO/Al2O3 catalysts 
generally have methanol selectivity of >99%, and one-pass conversion is moderately 
high in practice.151 Extensive studies have been carried out on the industrial 
Cu/ZnO/Al2O3 catalysts. While detailed reaction mechanism is still under debate, the 
promoting effects of Zn and Al are definite: strong interaction between Cu and 
ZnO/Al2O3 support helps disperse the Cu phase, and evidence of Zn species 
modifying the surface of Cu has been obtained.153-156 
In the development of catalysts for methanol synthesis from CO2 hydrogenation, 
Cu-based formulations have naturally become the first choice given their prevalent 
status in industry. However, there are important differences between CO-based 
conventional processes and CO2-based methanol synthesis, which make industrial 
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Cu/ZnO/Al2O3 catalysts not so efficient in the latter. Firstly, the higher stability of 
CO2 than CO leads to sluggish reaction kinetics at high coverage of CO2-derived 
reaction intermediates on the surface of Cu.157 Secondly, Cu catalyzes reverse water 
gas shift (RWGS) along with methanol synthesis, lowering methanol selectivity. 
Lastly, significant amount of water is produced by CO2 hydrogenation and accelerates 
deactivation of Cu/ZnO/Al2O3 catalysts.158 More active, selective catalysts that are 
resistant to water vapor are therefore needed to make CO2-based processes practical. 
Remarkable amount of effort has been put on improving Cu-based catalysts for 
CO2-based methanol synthesis, which involves the use of a variety of additives. 
Introducing ZrO2 to the Cu/ZnO system has often been reported to enhance the 
performance of the catalyst mainly due to better Cu dispersion.159-163 Interestingly, the 
crystal structure of ZrO2 has significant influence on the activity with the monoclinic 
form being a more effective support than the tetragonal form.164 Importance of the 
surface chemistry of the support materials is thus highlighted. Positive results have 
also been obtained with similar catalyst supports such as SiO2, TiO2 and CeO2.161-162, 
165-167
 Another frequently used additive is Ga2O3, which seems to partially cover Cu 
particles, modifying their surface chemistry in favor of methanol formation and 
preventing sintering.168-170 Additionally, effects of oxides of B, Mg, V, Cr, Mn on 
Cu/ZnO/Al2O3 catalysts have been studied.161, 171 Generally, benefits of incorporating 
oxide additives are attributed to metal-support interaction. On the other hand, 
introducing hydrogen-absorbing materials including carbon nanotubes and Pd to Cu-
based catalysts has been shown to increase their hydrogenation efficiency, probably 
by spill-over of dissociated hydrogen onto Cu.172-173 
Besides Cu, other transition metals, for example Ag, Au, and Pd in particular, also 
exhibit methanol synthesis activity through CO2 hydrogenation.16, 174 Catalysts 
combining Pd with known promoters of Cu-based catalysts including ZnO, Ga2O3, 
and carbon nanotubes have been developed with some success,175-176 but significance 
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of these studies remains largely academic, as the cost of Pd-based catalysts is 
significantly higher than that of Cu-based counterparts, which offsets the advantage 
in catalytic performance brought by Pd. In this regard, recent theoretical and 
experimental works on non-precious metal catalysts (e.g. Ni-Ga) are more impactful, 
which in addition provide mechanistic insights of Cu-based catalysts from a different 
perspective.167, 177 
Although attempts to commercialize the sustainable CO2-to-methanol process 
have been made,178 in the current stage it is still uncompetitive compared with 
conventional petrochemical technologies. Instead of direct methanol synthesis from 
CO2 hydrogenation, conversion of CO2 to CO (through RWGS) followed by 
conventional methanol production processes has been proposed as an alternative.179 In 
fact, RWGS has been regarded as among the most promising routes of CO2 utilization 
because the resultant syngas is a versatile feedstock for various chemical processes.16-
17, 180
 As the reverse reaction of WGS, the crucial step of industrial hydrogen 
production, RWGS is also an important topic of research in catalysis. 
Generally, active WGS catalysts can be used in RWGS. However, since RWGS is 
a moderately endothermic reaction, good CO yield requires high temperatures which 
put demands on different characteristics of RWGS catalysts from those of WGS 
catalysts. As mentioned earlier, Cu-based catalysts are active in RWGS; they are also 
the most studied catalysts for low-temperature WGS.181 The RWGS performance of 
Cu catalysts supported on various oxides such as Al2O3, ZnO, SiO2, and CeO2 have 
been examined, and promoting effects of alkali metals were found.16 A major 
problem of Cu catalysts is their susceptibility to sintering in RWGS conditions 
(>300 °C). To improve the stability of Cu nanoparticles in active catalysts, doping of 
Fe has been suggested which also created new active sites.182-183 Indeed, Fe like 
several other transition metals including Ni and especially noble metals (e.g. Pd, Pt, 
Au) can catalyze RWGS with high activity and superior thermal stability compared 
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with Cu, but Ni catalysts suffer from deactivation caused by coking and the cost of 
noble metals prevents large-scale applications.17 
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General information (manufacturer/model number of instruments, testing 
conditions, sample preparation procedures, etc.) about the characterization methods 
involved in the following chapters is presented in this section. Details specific to 
individual works will be included in corresponding chapters. 
3.1. Transmission electron microscopy (TEM) 
Two instruments manufactured by JEOL were used for TEM analysis: a JEM-
2010 with LaB6 thermionic-emission electron gun and a JEM-2100F with ZrO/W 
Schottky field-emission electron gun. Both operated at 200 kV. The JEM-2100F is 
equipped with an energy-dispersive X-ray (EDX) spectroscope from Oxford 
Instruments. High-angle annular dark field imaging (HAADF) and elemental 
mapping were performed only with the JEM-2100F in scanning transmission electron 
microscopy (STEM) mode. 
Typically, sample was dispersed in anhydrous ethanol to form a visibly cloudy 
suspension. One drop of the suspension was added by a 200 µL pipette to the coated 
side of a carbon/formvar-coated 200 mesh copper grid (Electron Microscopy 
Sciences), which was placed on a piece of filter paper used to absorb excess sample 
suspension. The copper grid was usually dried naturally in laboratory air before 
analysis. For stable samples, drying was carried out in an electrically heated oven at 
60 °C. Air-sensitive samples were dried in a vacuum desiccator at 50 mbar. In cases 
where elemental mapping of copper was needed, the samples were prepared in similar 
ways on carbon/formvar-coated nickel grids (if nickel was not of interest) or gold 
grids (if nickel was also to be analyzed). 
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3.2. Powder X-ray diffraction (XRD) 
XRD analysis was performed using a Bruker D8 Advance diffractometer with Cu 
Kα radiation source. The X-ray tube operated at 40 kV, 30 mA. For samples in small 
amounts (<20 mg), sample powders were wetted with anhydrous ethanol and the 
pastes were loaded on single-crystal silicon holders. The ethanol was then allowed to 
evaporate at room temperature before analysis. For larger samples, dry powders were 
directly loaded on plastic holders and hand-pressed into pellets using glass slides. To 
minimize the effects of sample texture, the sample holders were set to spin during 
data acquisition. A step size of 0.02° was used. 
3.3. Scanning electron microscopy (SEM) 
SEM characterizations were performed using JSM-5600LV with thermionic-
emission gun and JSM-6700F with field-emission gun from JEOL. The JSM-5600LV 
is equipped with an Oxford Instruments EDX spectroscope and operated at 15 kV. 
The JSM-6700F operated at 5 kV. In morphological studies, a thin layer of sample 
powder was loaded on a piece of double-sided carbon tape pasted on a 10 mm × 10 
mm (diameter × height) copper holder. Sputter coating with Pt was then carried out in 
Ar at 2.5 Pa, 10 mA for 90–100 s using an automatic coater. The coated sample was 
immediately analyzed. For elemental analysis using EDX, a thick layer of sample 
powder was deposited on the carbon tape and no coating was applied. Elemental 
composition was measured at 5 different sites (each site is at least 100 µm × 100 µm 
in size) and the average is taken. 
3.4. Nitrogen sorption 
N2 adsorption/desorption isotherms were measured at 77 K using a Quantachrome 
Instruments NOVA 4200e surface area and pore analyzer. 30–150 mg of dry sample 
was loaded into a 9 mm bulb-shaped glass sample cell and outgassed in flowing He or 
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vacuum for 3–14 h before analysis. Adsorbed gas volume was normalized by dry 
weight of outgassed samples to give the isotherms. Detailed outgassing conditions 
and data analysis methods will be specified in the following chapters. 
3.5. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra were obtained using FTS-3500ARX from Bio-Rad in transmission 
configuration. 100 mg of spectroscopic grade KBr and ca. 1 mg of dry sample were 
ground together with an agate mortar and pestle for 10 min. The powder was pressed 
between ½ in. stainless steel dies at 470 MPa for 15 min to form a translucent, self-
standing pellet which was analyzed immediately. The sample chamber was purged 
with dry, de-carbonated air supplied by a Parker Balston FTIR purge gas generator. 
Data was acquired with a resolution of 1 cm–1. Background spectrum was collected in 
each experiment using a pellet of 100 mg of pure KBr. 
3.6. X-ray photoelectron spectroscopy (XPS) 
XPS analysis was performed using an AXIS Ultra DLD spectrometer from Kratos 
Analytical. The instrument operated at ultrahigh vacuum (5×10–9 Torr) with a 
monochromated Al Kα X-ray source at 5 mA, 15 kV (X-ray energy = 1486.71 eV). 
The detector was positioned normal to sample surface. Sample powders were loaded 
onto ca. 3 mm × 3 mm glass slides with the help of double-sided tape. The glass 
slides were glued to a grounded metal holder. In cases where C and/or Si were to be 
analyzed, ethanol suspensions of the samples were deposited on copper tape pasted 
on the glass slides and allowed to dry at room temperature before analysis. The 1s 
binding energy of adventitious carbon was used for charge referencing. The value it is 
set to will be specified in the following chapters. 
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3.7. Nuclear magnetic resonance (NMR) 
NMR experiments on liquid samples were carried out using a Bruker AVANCE I 
500 spectrometer equipped with a 5 mm broadband observe probe. Dissolved oxygen 
in samples was removed by bubbling purified N2 for 20 min, and the samples were 
handled in a N2-filled glove box. For solid samples, magic-angle spinning (MAS) 
NMR experiments were performed using a Bruker DRX 400 spectrometer equipped 
with a 4 mm CP MAS probe. Dry powders were loaded in zirconia rotors for analysis. 
Detailed pulse programs and data analysis will be presented in the following chapters. 
3.8. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
Metal contents of catalysts were analyzed by ICP-OES using either PerkinElmer 
Optima 5300 DV or Thermo Scientific iCAP 6200 Duo. Samples were digested with 
1 M HNO3 and clear analyte solutions were obtained by centrifugation or filtration 
through 0.2 µm membrane filters. Calibration of the spectrometer was performed 
before each experiment using standard solutions of at least 4 different concentrations. 
The ICP system was flushed with 1 M HNO3 for at least 30 s and with the analyte for 
30 s before data acquisition. An average value of three exposures was taken as the 
result. 
3.9. Catalytic hydrogenation of CO2 
Evaluation of catalytic performance in CO2 hydrogenation was carried out using 
an in-house fixed-bed reactor. A 3/8” seamless 316 stainless steel tube with a length 
of 550 mm served as the reactor chamber, which was heated by a Carbolite MTF 
12/25/400 tube furnace (length of heated zone = 400 mm). Catalyst was kept in the 
middle of the tube by glass wool plugs, and the rest of the space in the reactor was 
filled with 2 mm borosilicate glass beads. For calibration purposes, a K-type thermal 
couple was installed to have its tip positioned in the middle of the reactor chamber. 
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Differences of no more than 1 °C were found between the measured reactor 
temperature and the temperature reported by the integrated monitoring system of the 
furnace. During catalyst evaluation, no thermal couple other than that integrated in 
the furnace was installed in the reactor. Gases were fed through three lines and mixed 
before entering the reactor. In each line, a Brooks 5850E mass flow controller, a ball 
valve, and a check valve connected in series were used to control the gas flow. Gas 
flow rates were set through Brooks 0254 set point controller. The mass flow 
controllers were calibrated with the feed gases using a soap bubble flowmeter. 
Pressure inside the reactor was controlled by a back pressure regulator. The pressure 
at the inlet of the reactor was monitored by a Bourdon tube pressure gauge. All tubing 
connected downstream to the reactor was kept at 100–150 °C by a heating tape to 
prevent excessive condensation. The effluent was analyzed by gas chromatography. 
3.10. Gas chromatography (GC) 
Composition of the product stream from CO2 hydrogenation experiments was 
analyzed by an Agilent 7890A gas chromatograph. Gas samples were taken by 
automated valves and processed in two channels. In one channel, the sample was 
separated by an Agilent HP-1 capillary dimethylpolysiloxane column and analyzed 
by a flame ionization detector. In the other channel, water and oxygenates were first 
removed by back flushing a HayeSep Q pre-column. CO2 was then separated by a 
HayeSep Q packed column and other permanent gases by a MolSieve 5A packed 
column, which eventually led the gas to a thermal conductivity detector. Purified 
helium (>99.9995%) was used as the carrier gas in all experiments.  
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Chapter 4. Structured Assemblages of Single-
Walled 3d Transition Metal Silicate Nanotubes for 
Methanol Synthesis by CO2 Hydrogenation 
 
4.1. Introduction 
Tubular microscopic structures have attracted enormous attention since the 
discovery of carbon nanotube.184 Their large surface area and molecular sieving 
properties lead to potential applications in catalysis,185-186 chemical sensing,187 and 
drug delivery.188 For practical applications, nanotubes synthesized by facile template-
free or soft-templated methods are particularly interesting. The majority of published 
works on this topic have been focused on crystalline elements or simple compounds, 
e.g., carbon,189 noble metals190 and metal oxides.191 Since their rigid structures prevent 
post-synthesis tuning of composition, unique synthetic methods are required for 
different materials with the same structure. It is thus difficult to study separately the 
effect of composition on material properties such as catalytic activity.  
In recent years, several porous transition metal silicates have been synthesized 
from SiO2 precursors,41-42, 44, 47, 49-52, 55 and notably copper silicate was shown to form 
nanotubes.41, 47, 50-51, 55 Nickel silicate42, 44 and cadmium silicate nanotubes41 with much 
thicker walls have also been synthesized. In terms of crystal structure, the reported 
silicate materials are layered clays, which are ubiquitous in Earth’s crust. As shown in 
Scheme 4.1, structurally, each silicate lamella of 1:1 trioctahedral clays is composed 
of an octahedral metal hydroxide layer sharing oxygen atoms with another tetrahedral 
[Si2O5]2− layer. In many cases, metal ions and water also enter the interlamellar space 
where they can travel relatively freely, allowing for a certain degree of ion 
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exchange.192 Such a property has been extensively explored for removal of aqueous 
heavy metal ions.193-194 Since ion exchange is largely limited to the interlamellar 
space without affecting the octahedral layer, compositional tuning of clay materials to 
a significant extent remains difficult. In this work, controlled synthesis of single-
walled copper silicate nanotubes (CuSiNT) is demonstrated and more importantly, a 
general method is developed to dope them with other 3d transition metals by 
extending ion exchange to the octahedral layer. 
Scheme 4.1. Ion exchange of Cu2+ in CuSiNT with 3d transition metal ions† 
 
†Corner-sharing tetrahedrons are the [Si2O5]2– layer, and edge-sharing octahedrons are 
the transition metal hydroxide layer. The exchange process is facilitated by NH3 
complexation. 
 
4.2. Experimental Section 
4.2.1. Chemicals and reagents 
Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), 
tetradecyltrimethylammonium bromide (TTAB), poly(diallyldimethylammonium) 
chloride solution (PDDA, 20%), vanadyl sulfate (VOSO4⋅xH2O), chromium acetate 
hydroxide (Cr3(CH3COO)7(OH)2), manganese acetate (Mn(CH3COO)2⋅4H2O), zinc 
nitrate (Zn(NO3)2⋅6H2O), hydrazine hydrate solution (N2H4⋅H2O, 35%), trisodium 
citrate (Na3C6H5O7⋅2H2O), sodium hydrosulfite (Na2S2O4) and Pluronic P-123 from 
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Aldrich, ammonia solution (NH3, 32%), ferrous sulfate (FeSO4⋅7H2O), nickel nitrate 
(Ni(NO3)2⋅6H2O), copper nitrate (Cu(NO3)2⋅3H2O) and sodium hydroxide (NaOH) 
from Merck, ammonium chloride (NH4Cl) from BDH, ethanol from Fisher Scientific 
and cobalt nitrate (Co(NO3)2⋅6H2O) from Acros Organics were used as received 
without further purification. Deionized water was used throughout this work. 
4.2.2. Synthesis of SiO2 spheres 
SiO2 spheres used as precursors for CuSiNT were synthesized by a reported 
method with modification.10 3 mL of TEOS was dissolved in a mixture of 6 mL of 
water and 40 mL of ethanol, followed by the addition of 1 mL of 32% ammonia 
solution and 6 h of stirring at ambient temperature. The SiO2 spheres were separated 
by centrifugation and washed with 1:1 ethanol/water solution. The product was then 
dispersed in deionized water at a concentration of ca. 1 mol/L. 
4.2.3. Synthesis of CuSiNT-based hollow spheres 
Unless specified otherwise, the following “standard” method was used to 
synthesize CuSiNT-based hollow spheres: 0.5 mL of 1 mol/L Cu(NO3)2, 1 mL of 32% 
NH3 and 0.5 mL of the 1 mol/L SiO2 suspension were added into 10mL of 1% 
Pluronic P-123 aqueous solution under stirring. The mixture (pH = 11.4) was sealed 
in a 30 mL Teflon-lined stainless steel autoclave and heated in an electrical oven at 
150°C for 6 h, after which the autoclave was cooled in ambient air. The product was 
separated by centrifugation, washed with water, and dried at 60°C overnight. 
In addition, CuSiNT-based hollow spheres were also synthesized by several other 
methods using different surfactants and Si sources as follows (the procedure for 
separation of product is the same as in the standard method): 
CTAB as surfactant: 50 mg of CTAB was dissolved in 10 mL of water, to which 
0.45 mL of 1 mol/L Cu(NO3)2, 1 mL of 32% NH3 and 0.5 mL of the 1 mol/L SiO2 
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suspension were then added under stirring. The mixture was heated in a 30 mL 
Teflon-lined autoclave at 150°C for 6 h. 
TTAB as surfactant: The previous method was followed except that the CTAB 
was replaced with 150 mg of TTAB. 
PDDA as surfactant: 0.5 mL of the 1 mol/L SiO2 suspension was mixed with 0.25 
g of 20% PDDA solution and stirred for 30 min. It was then added to a solution 
formed by 0.45 mL of 1 mol/L Cu(NO3)2, 1 mL of 32% NH3, 0.16 g of NH4Cl and 10 
mL of water, and heated in a 30 mL Teflon-lined autoclave at 160°C for 20 h. 
TEOS directly used as Si source: 100 µL of TEOS, 0.6 g of Pluronic P-123, 0.5 
mmol of Cu(NO3)2⋅3H2O and 1 mL of 32% NH3 were dissolved in a mixture of 9 mL 
of water and 10 mL of ethanol in the order stated. The solution was then heated in a 
30 mL Teflon-lined autoclave at 150°C for 3 h. 
4.2.4. Synthesis of ordered CuSiNT bundles 
Unless specified otherwise, the following “standard” method was used to 
synthesize ordered CuSiNT bundles: 0.16 g of NH4Cl, 0.5 mL of 1 mol/L Cu(NO3)2, 
1 mL of 32% NH3 and 0.5 mL of the SiO2 suspension were added into 10 mL of 1% 
Pluronic P-123 aqueous solution under stirring. The mixture (pH = 10.1) was heated 
in a 30 mL Teflon-lined autoclave by an electrical oven at 150°C for 20 h. The 
product was separated by centrifugation and washed repeatedly with water. 
Synthesis using sodium silicate solution as Si source was also successful. The 
method is as follows: 0.21 g of NH4Cl, 0.5 mL of 1 mol/L Cu(NO3)2, 1 mL of 32% 
NH3 and 80 µL of sodium silicate solution were added to 10 mL of 1% Pluronic P-
123 solution. The mixture was heated in a 30 mL Teflon-lined autoclave at 140°C for 
24 h. 
Chapter 4. Structured Assemblages of Single-Walled 3d Transition Metal Silicate Nanotubes for 
Methanol Synthesis by CO2 Hydrogenation 
50 
 
4.2.5. Increasing the Cu content of ordered CuSiNT bundles 
After a standard synthesis of ordered CuSiNT bundles, 0.5 mL of 1 mol/L 
Cu(NO3)2 was added into the autoclave without the CuSiNT being separated, and the 
autoclave was sealed again and heated at 150°C for 6 h. The final product was 
separated by centrifugation and washed with water. 
4.2.6. Doping of CuSiNT by post-synthesis ion exchange 
10 mg of CuSiNT-based hollow spheres was treated in 4 mL of aqueous solution 
containing 1−4 mmol of NH3, 2−4 mmol of NH4Cl, 0−0.27 mmol of N2H4, 0−0.25 
mmol of trisodium citrate and 0.14−0.25 mmol of dopant salts [V2(SO4)3, 
Cr3(CH3COO)7(OH)2, Mn(CH3COO)2, FeSO4, Co(NO3)2, Ni(NO3)2 or Zn(NO3)2] at 
60−80°C for 2−6 h. The products were separated by centrifugation and washed with 
water. Details about the experimental conditions are tabulated in Table 4.1. 
Table 4.1. Amounts of chemicals and reaction conditions for post-synthesis ion 
exchange of CuSiNT  




(h) NH3 NH4Cl N2H4 Na3C6H5O7 
V V2(SO4)3† 1 4 0 0.25 60 2 
Cr Cr3(AcO)7(OH)2 1 4 0 0.05 80 6 
Mn Mn(AcO)2 4 2 0.27 0.25 80 6 
Fe FeSO4 4 2 0.27 0.25 60 3 
Co Co(NO3)2 4 2 0.27 0.10 80 6 
Ni Ni(NO3)2 4 2 0 0 80 6 
Zn Zn(NO3)2 4 2 0 0 80 6 
*0.25 mmol of metal source was used for all dopants except Fe, where 0.14 mmol 
was used 
†synthesized in situ by reacting VOSO4 with Na2S2O4 at a mole ratio of 6:1 
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4.2.7. Scaled-up doping of CuSiNT 
The doped CuSiNT for catalyst evaluation were prepared by a scaled-up method, 
where 240 mg of CuSiNT-based hollow spheres was dispersed in 40 mL of buffer 
solution containing 1 mol/L NH3 and 0.5 mol/L NH4Cl, added with a total of 2.5 
mmol of Ni(NO3)2 and/or Zn(NO3)2 and heated in a 50 mL Teflon-lined autoclave at 
80−120°C for 6 h. Details about the experimental conditions are tabulated in Table 
4.2. 
Table 4.2. Amounts of chemicals and reaction conditions for scaled-up doping of 
CuSiNT 







Zn34–CuSiNT 2.5 0 80 6 
Zn43–CuSiNT 2.5 0 120 6 
Ni4–Zn30–CuSiNT 2.0 0.5 80 6 
*Numbers in sample names denote mole percentage of dopants with respect to total 
amount of metals in product. 
4.2.8. One-pot synthesis of doped CuSiNT 
Basically, the synthetic method of CuSiNT-based hollow spheres was followed, 
except that the 0.5 mL aliquot of 1 mol/L Cu(NO3)2 solution was replaced by 0.4 mL 
of 1 mol/L Cu(NO3)2 and 0.1 mL of 1 mol/L Ni(NO3)2 (for Ni-doped CuSiNT) or 0.1 
mL of 1 mol/L Zn(NO3)2 (for Zn-doped CuSiNT). 
4.2.9. Deposition of hydroxides on CuSiNT 
10 mg of CuSiNT-based hollow spheres was dispersed in 3.6 mL of water. 30 µL 
of 1 mol/L Co(NO3)2, Ni(NO3)2 or Zn(NO3)2 solution was added for the deposition of 
Co(OH)2, Ni(OH)2 or Zn(OH)2, respectively. 60 µL of 1 mol/L NaOH solution was 
then added under constant stirring in each case. After heating at 60°C for 1 h in an 
electrical oven, the product was separated by centrifugation and washed with water. 
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4.2.10. Calcination of nanotubes 
The as-synthesized nanotubes were calcined in static air with a muffle furnace. 
The temperature was increased from room temperature to 100°C at the rate of 
5 °C/min, and then to 500 °C at 1.5 °C/min. It was kept 500 °C for 4 h, and cooled 
naturally to room temperature. 
4.2.11. Synthesis of Cu-based nanocatalysts 
The calcined nanotubes were heated under a 50 mL/min flow of 10% H2/N2 in a 
tube furnace at 1 atm. The temperature was increased from room temperature to 
200°C at the rate of 5°C/min, and kept 200°C for 2 h before naturally cooling down 
in the same atmosphere. The fresh products appeared black or brown, changing to 
dark green in air. 
4.2.12. Evaluation of catalysts 
200 mg of nanotubes calcined by the abovementioned method was loaded into a 
3/8” stainless steel reactor to form a fixed bed. Details about the reactor set-up can be 
found in Section 3.9. In-situ activation was carried out in two stages (200 °C for 10 h 
and 240 °C for 1 h, with the same heating rate of 1 °C/min) under constant flow of 50 
mL/min of 10% H2/N2 at 1 atm. The feed gas was then switched to 32 std mL/min of 
a 3:1 mixture of H2 and CO2 with 4% N2 as internal standard. The reactor was slowly 
pressurized to 30 bar by a backpressure regulator. Online sampling and analysis of 
effluent were performed by an automated GC. 
4.2.13. Materials characterization 
In this work, charge reference for XPS analysis was made to the 1s binding energy 
of adventitious carbon at 284.6 eV. Outgassing of samples in preparation for N2 
sorption experiments was carried out in flowing He at 200 °C for 3 h. 
Chapter 4. Structured Assemblages of Single-Walled 3d Transition Metal Silicate Nanotubes for 
Methanol Synthesis by CO2 Hydrogenation 
53 
 
4.3. Results and Discussion 
4.3.1. Synthesis and characterization of undoped CuSiNT 
As a precursor for CuSiNT, uniform SiO2 spheres with diameters of ca 200 nm 
were prepared. When a suspension of the SiO2 spheres was allowed to dry naturally 
on a carbon-coated copper grid, the spheres assembled spontaneously into 2-D arrays 
shown in Figure 4.1. The regular packing observed in such arrays reflects the 
uniformity of the spheres. 
 
Figure 4.1. TEM images of SiO2 spheres used to synthesize CuSiNT-based hollow 
spheres at (a) lower and (b) higher magnification. 
CuSiNT-based hollow spheres were hydrothermally synthesized from the SiO2 
spheres. The dried product was a loose, light blue powder. Using EDX elemental 
analysis, typical yield was calculated to be 84% and 86% based on the amount of 
Cu(NO3)2 and that of SiO2 in the precursor mixture, respectively. Figure 4.2a shows 
that the hollow spheres have internal diameters of ca 200 nm, matching the size of 
precursor SiO2 spheres. The shells are hierarchically constructed of uniform open-
ended nanotubes, with an average outer diameter and wall thickness of 6 nm and 1 
nm respectively (Figure 4.2b,c). The wall thickness is homogeneous throughout the 
tubular structure. In Figure 4.2d lattice fringes with an interspace of 0.4 nm are also 
observed aligning perpendicularly to the tube axis, indicating the crystalline nature of 
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CuSiNT. Interestingly, the secondary structure of CuSiNT could be tuned by careful 
control over the pH of the precursor solution. The aforementioned hierarchical hollow 
spheres formed with 100% morphological yield at a higher initial pH of 11.4, while 
ordered CuSiNT bundles shown in Figure 4.2e,f were the only product when NH4Cl 
was added to maintain the pH at 10.1. In addition, the average length of individual 
nanotubes increased under the effect of lower pH (compare Figure 4.2b and 4.2e). 
The differences are believed to be a manifestation of pH-dependent growth kinetics 
of the CuSiNTs, which will be discussed in more detail in Section 4.3.2. 
To understand further their secondary structures, the powder samples of CuSiNT 
were analyzed by small-angle XRD. In Figure 4.3a,b, the results show the presence of 
mesoscale ordered assemblages of CuSiNT in both the hollow spheres and the 
bundles, with the latter exhibiting higher orderliness. The diffraction peaks can be 
assigned to a 2-D hexagonal packing with p6mm plane group. After profile fitting, the 
average axis-to-axis distance between two neighboring nanotubes in the hexagonal 
assemblage, which is equivalent to the edge length of the p6mm unit cell, was 
determined to be 5.0 nm for the hollow spheres of CuSiNT and 4.7 nm for the 
bundles of CuSiNT.  
Formation of similar aggregated mesostructures has been reported for imogolite-
type single-walled aluminum silicate nanotubes as a result of highly uniform tube 
diameter.195-196 It was recently proposed that upon assembling the initially cylindrical 
imogolite nanotubes deform slightly to achieve close packing,196 which in the present 
case explains the smaller axis-to-axis distance of nanotubes calculated from small-
angle XRD patterns compared with the outer diameter observed by TEM. In addition, 
the denser packing of ordered CuSiNT bundles is also reflected by the smaller axis-
to-axis distance. To the best of our knowledge, it is the first time ordered packing of 
transition metal silicate nanotubes has been studied. 
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Figure 4.2. TEM images of as-synthesized (a–d) CuSiNT-based hollow spheres and 
(e,f) ordered CuSiNT bundles. 
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Figure 4.3. Powder XRD patterns of (a,c) as-synthesized CuSiNT-based hollow 
spheres, (b,d) as-synthesized ordered CuSiNT bundles, and (e) ordered CuSiNT 
bundles after treatment in Cu-rich environment. (f,g) JCPDS cards for reference. 
Through EDX analysis, the atomic ratio of Cu/Si in the CuSiNT-based hollow 
spheres was found to be 1.05, an order of magnitude higher than that usually achieved 
in Cu-doped amorphous silica.197 In comparison, the ordered CuSiNT bundles have a 
lower Cu/Si ratio of 0.85. As observed in Figure 4.2f, the lower Cu content has not 
affected the formation of nanotubes, which reflects the compositional flexibility of 
CuSiNT. Indeed, by treating the ordered CuSiNT bundles in a Cu-rich environment 
(see Section 4.2.5), the Cu/Si ratio could be increased to 0.99 without any 
morphological change. 
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In contrast to the differences in secondary structure and elemental composition, 
the crystal structure of CuSiNT remains the same according to wide-angle XRD 
analysis reported in Figure 4.3c−e. A series of weak peaks are resolved from the 
XRD patterns which could be best assigned to chrysocolla, among various other 
hydrated hydroxysilicates of Cu. Assignment of this phase to JCPDS card #03-0219 
has been reported, as shown in Figure 4.3f.50 Generally, chrysocolla is considered a 
clay material consisting of kaolinite-like lamellae, but its crystallographic structure 
has not been solved so far. Diffraction signals from chrysocolla have been indexed 
based on a proposed structure model where hydrated Cu hydroxide islands appear 
alternatively on both sides of silicate stripes.198 The results were summarized in 
JCPDS card #27-0188 (Figure 4.3g), replacing card #03-0219 as the powder XRD 
standard. The diffraction signal at 2θ = 11.2° or d = 7.9 Å corresponding to the inter-
lamellar spacing is clearly missing in Figure 4.3a−e, which supports the single-walled 
structure of CuSiNT. The significant peak broadening is also consistent with such 
structure, and the relatively strong peak at 2θ = 21.4° (d = 4.15 Å) matches well the 
lattice fringe spacing observed by TEM. However, it is worth mentioning that the 
standard powder XRD patterns of chrysocolla including JCPDS #27-0188 were 
acquired from poorly crystallized natural minerals using film-based techniques, 
whereby weak diffraction peaks could be overlooked. For example, the peaks at 37° < 
2θ < 45° in Figure 4.3c−e were not recorded in either of the JCPDS cards (Figure 
4.3f,g). It is believed that the presence of the above-mentioned diffraction peaks is a 
combined result of relatively higher crystallinity of hydrothermally synthesized 
CuSiNT and modern XRD instrumentation. 
To further confirm the nature of CuSiNT, FTIR and XPS analyses were performed. 
The FTIR spectra in Figure 4.4a–c display fingerprint signals typical for 
chrysocolla.199-201 Briefly, two sharp peaks at 3618 cm−1 and 675 cm−1 can be assigned 
respectively to the stretching and bending modes of OH shared by three Cu atoms in 
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octahedral positions. The sharp peak at 502 cm−1 is due to Cu−O−Si bending. 
Stretching and bending modes of adsorbed H2O appear as a broad band centered 
around 3453 cm−1 and a peak at 1636 cm−1, respectively. The strongest peak at 1034 
cm−1 is assigned to Si−O stretching of silicate tetrahedrons, and peaks at 825 cm−1 and 
775 cm−1 are due to the stretching of silicate chains. The weak peaks in the ranges of 
3000−2840 cm−1 and 1500−1220 cm−1 belong to Pluronic P-123. From the Cu 2p3/2 
photoelectron spectra shown in Figure 4.4d–f, the only main peak resolved at the 
binding energy of 935.4±0.1 eV is also characteristic for Cu2+ in octahedral positions 
of clay materials (the three peaks at 939.4±0.2, 942.2±0.1 and 944.2±0.1 eV are 
satellite peaks of the same main peak, deconvoluted by assuming the same FWHM of 
the two satellite peaks at higher binding energies and the main peak).202-204 In the 
mineralogical database of the RRUFF project, (Cu2−xAlx)H2−xSi2O5(OH)4⋅nH2O has 
become the generally agreed formula for chrysocolla,205 where the [Si2O5(OH)4]6− 
group reflects its 1:1 clay structure and protons balance the excessive negative charge 
of the hydroxysilicate framework.201 Considering here the absence of Al and variable 
Cu content in CuSiNT, a general chemical formula of Cu2−xH2+2xSi2O5(OH)4⋅nH2O 
can be written for them. With the CuSiNT identified as chrysocolla, it is reasonable to 
compare the wall thickness of CuSiNT with the lamellar thickness of clay materials 
(from 7 Å for kaolinite to 14 Å for chlorite) and draw the conclusion that CuSiNT 
synthesized with the present method have a single wall only. 
Besides the “standard” methods discussed so far, other methods of synthesizing 
CuSiNTs have also been proven successful. Figure 4.5a–c and Figure 4.5d,e show the 
morphology of CuSiNT-based hollow spheres synthesized using CTAB and TTAB as 
surfactant, respectively. Compared with the product of the standard method, there is 
insignificant change of the tubular morphology in these cases. It suggests that the 
formation of nanotubes is largely a result of properties of CuSiNT itself, instead of 
template effects of the surfactants. Nevertheless, surfactants do help with 
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reproducible synthesis of regularly shaped nanotubes; without them less regular 
nanotubes were often obtained as reported in Figure 4.5f. When the Pluronic 
surfactant is replaced with PDDA, however, more pronounced effects are observed 
(Figure 4.5g,h). Since SiO2 spheres synthesized by the Stöber method are usually 
negatively charged, they have high affinity to positively charged surface-protecting 
agents, especially polyelectrolytes like PDDA. The strongly adsorbed polymer 
provides inter-particle repulsive forces, which results in less aggregation and hence 
relatively well dispersed particles shown in Figure 4.5g. 
 
Figure 4.4. FTIR and XPS spectra of (a,d) as-synthesized CuSiNT-based hollow 
spheres, (b,e) as-synthesized ordered CuSiNT bundles, and (c,f) ordered CuSiNT 
bundles after treatment in Cu-rich environment. In d–f, open circles denote raw data 
and smooth curves are deconvolution results. 
In addition, not only surfactant but Si source can also be replaced in synthesizing 
CuSiNT. For example, TEOS and sodium silicate were used as direct Si source to 
produce results comparable to the standard methods (Figure 4.5i–l). The presence of 
incompletely converted cores in Figure 4.5i,j and irregular particles in Figure 4.5k, 
Chapter 4. Structured Assemblages of Single-Walled 3d Transition Metal Silicate Nanotubes for 
Methanol Synthesis by CO2 Hydrogenation 
60 
 
which are presumably SiO2, indicates formation of CuSiNT through a SiO2 
intermediate.  
 
Figure 4.5. TEM images of CuSiNT-based hollow spheres synthesized with (a–c) 
CTAB as surfactant, (d,e) TTAB as surfactant, (f) no surfactant, (g,h) PDDA as 
surfactant, (i,j) TEOS as Si source, and (k,l) ordered CuSiNT bundles synthesized 
with sodium silicate as Si source. 
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4.3.2. Growth mechanism of undoped CuSiNT 
The results obtained so far from X-ray and spectroscopic analyses do not explain 
the pH-dependent secondary structure of CuSiNT, and here their growth processes 
are monitored by time-resolved morphological studies for further insights. Figure 
4.6a shows that at a high initial pH of ca 11.4, short CuSiNT have covered the surface 
of the SiO2 precursor in the early stage of synthesis, forming a core-shell structure. 
The nanotubules continue to grow in length as the SiO2 core dissolves until the 
hollowing is complete, as seen in Figure 4.6b,c. A dissolution-precipitation growth 
mechanism is thus proposed as follows: the SiO2 precursor is first attacked by OH− to 
release silicate ions (Equation 4.1), which then react with Cu2+ forming CuSiNT 
(Equation 4.2, where water of crystallization is omitted for clearer presentation). 
SiO2 + 4OH−  ↔  SiO44− + 2H2O      (4.1) 
2SiO44− + (2−x)Cu2+ + (5+2x)H2O  → Cu2−xH2+2xSi2O5(OH)4 + (4+2x)OH− (4.2) 
Comparing Figure 4.6b,c with Figure 4.6d,e shows that the growth rate of CuSiNT 
on silica is significantly slower at the lower pH of 10.1. It seems that the lower 
alkalinity has slowed down the dissolution of SiO2, allowing silicate ions to diffuse 
into the bulk solution and achieve a homogeneous concentration which in turn 
prevents excessive nucleation on the surface of SiO2. As a result, CuSiNT grow from 
limited nucleation sites into bundles (Figure 4.6e,f). The greater length of individual 
nanotubules in ordered CuSiNT bundles can also be explained in this way. On the 
other hand, the effect of pH on CuSiNT growth is complicated by the availability of 
Cu2+ under the current experimental setting: 
Cu2+ + 4NH3  ↔  [Cu(NH3)4]2+      (4.3) 
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Figure 4.6. TEM images of intermediate products during the synthesis of CuSiNT-
based hollow spheres (initial pH = 11.4) at (a) 0.5 h, (b) 1 h, and (c) 1.5 h, and during 
the synthesis of ordered CuSiNT bundles (pH = 10.1) at (d) 1 h, (e) 1.5 h, and (f) 2 h. 
The equilibrium of Equation 4.3 is pH-dependent, with the formation of complex 
most favored at pH = 8.3−10.8.206 Therefore at pH = 10.1 where ordered CuSiNT 
bundles are synthesized, the reaction rate may have also been controlled by free Cu2+ 
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concentration. To explore this effect, CuSiNT were synthesized at the same pH of 
10.1 and double the amount of Cu(NO3)2. The morphology of the product confirms 
the role of Cu2+ concentration; CuSiNT assemblages similar to hollow spheres are 
formed when the Cu2+ is readily available (Figure 4.7a,b). 
 
Figure 4.7. TEM images of (a,b) CuSiNT product obtained with the amount of 
Cu(NO3)2 in the standard synthetic method of ordered CuSiNT bundles doubled, and 
(c,d) CuSiNT-based hollow spheres after treatment by NH3/NH4Cl buffer. 
Furthermore, the relation between pH and complexation equilibrium was studied 
by Cu leaching experiments on CuSiNT, where as-synthesized CuSiNT-based hollow 
spheres were treated with NH4Cl solution, NH3 solution or NH3/NH4Cl buffer 
solution and Cu content of the respective products was measured. The results are 
summarized in Table 4.3. It can be seen that copper leaching did not occur noticeably 
in either NH4Cl or NH3 alone, while the buffer solution formed by combining the two 
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extracted most of the copper, causing collapse of the tubular structure (Figure 4.7c,d). 
As explained before, the pH of the buffer solution falls in the middle of the range 
where formation of [Cu(NH3)4]2+ is most favored, which limits the concentration of 
free Cu2+ significantly and creates a strong driving force for copper leaching. 
Meanwhile, the moderately alkaline condition provides still enough H+ to replace 
Cu2+ balancing the negative charge of the silicate framework. In contrast, the 
significantly higher alkalinity of pure NH3 solution may have rendered Cu2+ in 
CuSiNT more stable by promoting its hydroxylation. Therefore a combination of both 
moderate pH (ca 9.5) and presence of complexation agent (NH3) is found necessary 
for the extraction of Cu from CuSiNT, which confirms the role of pH in the 
availability of Cu2+ in solution and meanwhile explains the different Cu contents in 
CuSiNT-based hollow spheres and ordered CuSiNT bundles. 
Table 4.3. Leaching of Cu from CuSiNT-based hollow spheres in different conditions 
Treatment pH of solution Cu/Si in product 
None N. A. 1.05 
60°C, 3 h in 1 mol/L NH4Cl 6.32 1.00 
60°C, 3 h in 1 mol/L NH3 11.60 1.15 
60°C, 3 h in 1 mol/L NH4Cl + 1 mol/L NH3 9.52 0.30 
 
However, attempts to synthesize other transition metal silicate nanotubes using the 
same synthetic method of CuSiNT did not succeed. The unique ability of copper 
silicate to form tubular structures is likely attributable to the special electronic 
properties of Cu2+. Many clay materials have curved structures due to size mismatch 
between the octahedral and tetrahedral layers.207-208 In the present case, strong Jahn-
Teller effect renders 6-coordinated Cu2+ compounds an elongated octahedral 
configuration and the mismatch in chrysocolla lamellae may be anisotropic, which 
can lead to directional curving and hence formation of nanotubes. 
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4.3.3. Synthesis and characterization of doped CuSiNT 
In order to incorporate other 3d metal elements, the as-prepared CuSiNT were 
treated with different metal salts dissolved in NH3/NH4Cl buffer solutions, in some 
cases together with hydrazine and/or trisodium citrate to stabilize the metal ions (the 
method is denoted as post-synthesis ion exchange from here onwards). It proved to be 
a versatile process to introduce almost all 3d transition metals (from V to Zn). Figure 
4.8 shows the typical morphology of doped CuSiNT. Their elemental compositions 
are summarized in Table 4.4, where replacement of Cu with divalent dopants is 
apparent. The tubular structure of CuSiNT is well preserved after doping. The tube 
walls remain smooth except when doped with V3+ or Cr3+. The doping behavior of 
trivalent V3+ or Cr3+ is somewhat different from that of divalent metal ions, which 
will be discussed later in this section. 
Using Ni2+ and Zn2+ as examples, it is demonstrated that the degree of doping can 
be controlled by changing the temperature and duration of the doping process as 
shown in Figure 4.9. Furthermore, treating CuSiNT with an ion exchange bath 
containing both Ni and Zn results in simultaneous doping of the two elements (see 
Section 4.2.7). The product contains 4% of Ni and 30% of Zn by atomic percentage 
among its total metal content. In principle, the post-synthesis ion exchange method 
can be extended to incorporate any combination of 3d transition metals that have been 
successfully doped in this work. 
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Figure 4.8. TEM images of (a,b) V-doped, (c,d) Cr-doped, (e) Mn-doped, (f,g) Fe-
doped, (h) Co-doped, (i,j) Ni-doped, and (k,l) Zn-doped CuSiNT. 
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Table 4.4. Selected characterization results of pristine and doped CuSiNT 
Dopant Cu/Si* Degree of doping◊ (%) 
Shift in XRD 
peak† (°) 
Shift in FTIR 
band‡ (cm−1) 
None 1.05 N. A. 0 (reference) 0 (reference) 
V3+ 0.54 8 -0.09 0 
Cr3+ 1.02 32 -0.01 0 
Mn2+ 0.71 32 -0.93 -23 
Fe2+ 0.19 87 N. A. -50 
Co2+ 0.84 35 -0.44 -15 
Ni2+ 0.84 32 -0.19 -12 
Zn2+ 0.77 32 -0.22 -8 
*atomic ratios determined by EDX. 
◊defined as atomic percentage of M/(M+Cu) where M denotes the dopant, determined 
by ICP-OES. 
†compared with the peak of pristine CuSiNT at 2θ = 63.11°. 
‡compared with the peak of pristine CuSiNT at 502 cm−1. 
 
 
Figure 4.9. Tunable degree of Zn and Ni doping achieved under different 
experimental conditions. Doping at 120 °C was carried out in a Teflon-lined 
autoclave. 
On the contrary, doping was not possible when CuSiNT was treated without 
ammonia. It is thus believed that the complexation of metal ions with ammonia has 
facilitated the doping process. Compared to that of Cu2+, ammine complexes of Mn2+, 
Fe2+, Co2+, Ni2+ and Zn2+ are less stable. The use of ammonia decreases the 
concentration of free Cu2+ to a larger extent than that of free dopant ions (M2+), 
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creating a more significant concentration difference and hence a stronger driving 
force for the ion exchange to proceed towards the formation of M-doped CuSiNT, as 
shown in Equation 4.4. 
Cu2−xH2+2xSi2O5(OH)4 + yM2+  ↔ Cu2−x−yMyH2+2xSi2O5(OH)4 + yCu2+    (4.4) 
TEM observations reported in Figure 4.8j show that slight unfolding occurred in 
some doped CuSiNT samples, which is more noticeable at nanotube ends. The 
deformation can mainly be associated with the increased symmetry of the octahedral 
layer. As Cu2+ is replaced by dopant ions that exhibit weaker or no Jahn-Teller effect, 
the anisotropy of the mismatch between octahedral and tetrahedral layers in 
chrysocolla decreases, which creates considerable strain in the highly curved tube 
walls. Eventually the tube wall could be broken and cause unfolding. A related 
example is found in the case of halloysite, a layered clay material that can naturally 
occur as nanotubes. In halloysite, significant substitution of Al3+ by Fe3+ causes 
expansion of the octahedral hydroxide layer, which reduces the mismatch between 
octahedral and tetrahedral layers and inhibits the formation of tubular structures.27 
Such expansions are also expected to occur in the present doped CuSiNT samples, as 
the hydroxides of the dopants all have a longer unit cell a-edge than Cu(OH)2 (Table 
4.5). 
Table 4.5. Lattice parameters of some transition metal hydroxides 
Crystalline 
phase 
a-edge length of 
hydroxide unit cell (Å) 
Reference 
JCPDS card 
Mn(OH)2 3.315 #18-0787 
Fe(OH)2 3.258 #13-0089 
Co(OH)2 3.191 #45-0031 
Ni(OH)2 3.126 #14-0117 
Cu(OH)2 2.949 #13-0420 
Zn(OH)2 3.192 #24-1444 
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The isomorphous substitution of Cu in CuSiNT is supported by both powder XRD 
and FTIR analyses. In Figure 4.10, the peak of pristine CuSiNT at 2θ = 63.11° shifts 
towards smaller angles after doping with Zn, Ni, Co and especially Mn. The peak 
shift is low in magnitude (Table 4.4) but highly reproducible. It indicates lattice 
expansion along the basal plane, which corresponds well to the expected expansion of 
the octahedral layer. In addition, no new phases are detected. In Figure 4.11a, shifts 
of FTIR band towards lower wavenumbers are observed for Cu−O−Si bending, which 
is also attributed to lattice expansion, i.e., elongation of Cu−O bond or replacement of 
Cu−O bonds by longer dopant−O bonds. The magnitude of shifts in the XRD and 
FTIR peaks (Table 4.4) can be correlated to the unit cell dimension of the hydroxide 
of dopant; the longer the unit cell a-edge, the larger the shifts (Table 4.5). Fe-doped 
CuSiNT exhibit a particularly large FTIR band shift, presumably due to a high degree 
of doping. For the same reason, this sample has a relatively low crystallinity. 
 
Figure 4.10. Powder XRD patterns of pristine and doped CuSiNT. The dashed line 
marks the peak position of pristine CuSiNT. 
To further confirm the doping of CuSiNT by the divalent metal ions, other 
methods of introducing the dopants were tested and the products characterized for 
comparison. In one set of experiments, Ni-doped and Zn-doped CuSiNT were 
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synthesized by hydrothermal treatment of SiO2 with a precursor solution that 
contained Ni(NO3)2 or Zn(NO3)2 in addition to Cu(NO3)2 as metal sources (the 
method is denoted as the one-pot method from hereafter). Compared with the post-
synthesis ion exchange, the one-pot method involved higher temperature and pressure, 
and dopants were expected to readily enter the CuSiNT structure. Indeed, when 
analyzed by FTIR the products show similar band shifts in Figure 4.11b as in Figure 
4.11a. Herein it is worth noting that other dopant ions are unstable under the 
hydrothermal conditions required to convert SiO2, and the post-synthesis ion 
exchange remains to be the more general and versatile method to synthesize doped 
CuSiNT. In another set of experiments, Co(OH)2, Ni(OH)2 or Zn(OH)2 was 
deliberately deposited onto surface of undoped CuSiNT. As expected, Figure 4.11b 
shows no shift in FTIR band for these samples. Thus, it rules out the possibility that 
deposition of hydroxides was mistaken as doping. 
Different from that of divalent ions, the doping of V3+ and Cr3+ is more difficult 
due to their additional charge. Since V3+ and Cr3+ hydrolyze strongly, the amount of 
NH3 was lowered to prevent precipitation. For Cr3+, a stable solution could not be 
obtained with simple salts and Cr3(CH3COO)7(OH)2 was used, since the trinuclear 
complex is more resistant to hydrolysis. However, the composition of Cr-doped 
CuSiNT indicates negligible replacement of Cu2+ ions under such conditions. The 
increased roughness of tube walls (e.g., Figure 4.8d versus Figure 4.2c) suggests that 
Cr is deposited on the external surface. This is further confirmed by the FTIR analysis 
of Figure 4.11a where no change in the Cu−O−Si bending frequency is found. In 
addition, carboxyl groups are detected, which originate from incompletely hydrolyzed 
Cr complexes. Compared to free Cr3+, the larger size of Cr carboxylate complex ions 
may have inhibited the ion exchange process owing to steric hindrance. On the other 
hand, the attempt to introduce V3+ led to significant loss of metal in CuSiNT. A peak 
at 470 cm−1 is distinguishable in the FTIR spectrum of V-doped CuSiNT in Figure 
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4.11a, which can be assigned to Si−O−Si bending of SiO2. The formation of SiO2 
indicates local depletion of metal, though the crystal structure and overall 
morphology are still maintained (Figure 4.8a,b). However, the large structural 
reconstruction, which requires 2 V3+ ions to replace 3 octahedral Cu2+ ions in the 
CuSiNT, seems unfavorable under the present conditions. No shift in Cu−O−Si 
bending frequency and negligible shift in XRD peak are observed in the V-doped 
CuSiNT. Nevertheless, it proves that the shifts in XRD and FTIR peaks observed 
after doping CuSiNT are indeed due to the ionic substitution of Cu2+ with the divalent 
metal ions. 
 
Figure 4.11. FTIR spectra of (a) CuSiNT samples before and after post-synthesis ion 
exchange, and (b) doped CuSiNT samples synthesized by the one-pot method (with 
prefix “1-pot”) and undoped CuSiNT samples deposited with metal hydroxides. The 
dotted lines mark the major peaks of pristine CuSiNT. 
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4.3.4. Synthesis and application of Cu-based nanocatalysts 
The above pristine and doped CuSiNT can be used as versatile solid precursors to 
prepare a wide variety of metal nanocatalysts with tailorable composition. For 
example, Cu-based catalysts have been demonstrated to be important to CO2 
hydrogenation.16, 162 The single-walled tubular structure of CuSiNT maximizes the 
exposed surface, which in combination with the high metal content makes it a 
desirable heterogeneous catalyst. However, stability of highly porous structure is a 
prerequisite to the practical use of such catalysts. Surprisingly, despite the seemingly 
fragile structure, the morphology of pristine and doped CuSiNT survived calcination 
at as high as 500°C without noticeable changes as observed by TEM technique 
(Figure 4.12). Table 4.6 shows that the calcined samples have large BET surface 
areas, which are up to 150% higher than that of multi-walled copper silicate 
nanotubes.41 Hereafter, the degree of doping will be specified when doped CuSiNT 
are addressed. The digits following the dopant denote its atomic percentage based on 
total amount of metals. For example, among its total metal content (Ni, Zn & Cu), the 
catalyst Ni4-Zn30-CuSiNT has 4 atom% Ni, 30 atom% Zn, and 66 atom% Cu. 
The adsorption-desorption isotherms of the calcined nanotubes in Figure 4.13a are 
typical for mesoporous materials, including hysteresis loops that start at the same 
relative pressure. In Figure 4.13b, more detailed pore analysis using the BJH method 
shows narrow pore size distributions centered at 3.3 nm for all the samples; the post-
synthesis ion exchange has apparently not affected the pore structure of CuSiNT. It 
needs to be pointed out that the pore size determined by the BJH method is smaller 
than that observed by TEM, but the difference is not unexpected, as underestimation 
of pore sizes has been proven associated with the BJH model.209 
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Figure 4.12. TEM images of nanotubes calcined at 500 °C: (a) undoped CuSiNT, (b) 
Zn34-CuSiNT, (c) Zn43-CuSiNT, and (d) Ni4-Zn30-CuSiNT. 
 





Pore volume  
(cm3/g)‡ 
CuSiNT 38.4 500 0.80 
Zn34-CuSiNT 41.4 462 0.75 
Zn43-CuSiNT 41.7 475 0.83 
Ni4-Zn30-CuSiNT 41.6 470 0.70 
*determined by EDX elemental anlysis 
†calculated by the BET method 
‡calculated from N2 sorption data at relative pressures up to 0.98 
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Figure 4.13. (a) N2 sorption isotherms, and (b) volumetric pore size distributions of 
undoped and doped CuSiNT samples after calcination at 500 °C. The pore size 
distributions were calculated from the desorption isotherms using the BJH method. 
Under reducing conditions, the nanotubes could be transformed into Cu-based 
nanocatalysts. Figure 4.14a,c show the nanoparticles-on-nanotube structures formed 
by reducing the undoped CuSiNT and Zn34-CuSiNT in dilute H2. The nanoparticles 
formed are presumably metallic Cu, which are highly reactive as suggested by their 
small size. When exposed to air, the nanocatalyst derived from Zn34-CuSiNT turned 
from black to green within 1 h. Images acquired at higher magnifications in Figure 
4.14b,d reveal lattice fringe spacing of 0.25 nm in the particles found in both samples. 
With powder XRD analysis (Figure 4.14e), the particles are determined to be mainly 
Cu2O. The lattice fringes observed correspond well to its (111) planes. The Cu2O 
phase most probably formed in laboratory air during the sample handling. A 
comparison between Figure 4.14a,c shows that smaller particles formed from Zn34-
CuSiNT, and the weaker XRD signal from the Zn-doped nanocatalyst leads to the 
same conclusion. The difference in particle size explains the detection of metallic Cu 
in the undoped nanocatalyst as well, because larger Cu particles are not completely 
oxidized by air. 
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Figure 4.14. TEM images of nanocatalysts derived from (a,b) undoped CuSiNT and 
(c,d) Zn34-CuSiNT, with their powder XRD patterns shown in (e). The question 
mark in (e) denotes doubtful presence of metallic Cu. Unmarked peaks belong to the 
chrysocolla phase (see Figure 4.3c–e). 
The effect of Zn doping on the particle size can be attributed to the well 
documented strong interaction between Cu and Zn, which is also the main factor in 
high methanol yield of commercial Cu-based methanol synthesis catalysts.154-156, 210 In 
addition, a comparison of the XRD patterns in Figure 4.14e shows that the crystal 
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structure of CuSiNT is more resistant against reduction when doped with Zn. It is 
probably because Zn2+ is difficult to reduce with H2 and it remains in the silicate 
framework. Such structural stability is desirable in catalysis, as it maintains the 
surface area needed for reaction. 
Finally, nanocatalysts derived from undoped CuSiNT, Zn-doped CuSiNT, and 
Ni,Zn-co-doped CuSiNT were tested for their catalytic performance in CO2 
hydrogenation in a continuous flow tubular reactor at 240 °C and 30 bar. To prevent 
oxidation of catalysts during sample transfer, they were activated by dilute H2 in situ 
after being loaded into the reactor. For all of the catalytic experiments, CH3OH and 
CO were found to be the only carbon-containing products. Figure 4.15a shows that 
following an initial deactivation, relatively stable activity is established within 2 h, 
after which the Zn-doped CuSiNT catalysts exhibit least deactivation. Besides this, 
Zn doping also enhances the activity by up to 33% compared with the undoped 
catalyst, reaching 15% higher than the activity of a commercial Cu/ZnO/Al2O3 
catalyst.162 In contrast to Zn, Ni seems to act as a catalyst poison for Cu and reduces 
CO2 hydrogenation activity, but in terms of methanol production, Ni has a more 
positive effect resulting in a methanol yield still significantly higher than that of the 
undoped catalyst as seen in Figure 4.15b,c. It suggests that Ni mainly suppresses the 
formation of CO, the side product.  
The spent catalysts were also analyzed by TEM, powder XRD and N2 
physisorption techniques. Similar to the freshly prepared nanocatalysts, they were 
easily oxidized in air. The color change from black to green occurred in 5 min for the 
undoped and Zn-doped catalysts, while for the Ni4-Zn30-CuSiNT the process took 
several hours. The TEM images in Figure 4.16a−c show that the tubular structure is 
preserved even after the harsh reactions. Under higher magnification, lattice fringes 
spaced 0.25 nm apart are observed in the particles attached to the nanotubes (Figure 
4.16d). 
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Figure 4.15. (a) Specific activity of CO2 hydrogenation, (b) selectivity of methanol in 
mol%, and (c) methanol yield for various nanocatalysts. The activity and methanol 
yield are normalized by total amount of metal (Cu + dopants) in the catalysts. The 
arrow marks the activity of a commercial Cu/ZnO/Al2O3 catalyst evaluated at the 
same temperature, pressure and gas space velocity. 
XRD results in Figure 4.17a−c confirm the particles observed by TEM to be Cu2O 
again. In addition to Cu2O, Cu is also present in the Ni4-Zn30-CuSiNT (Figure 4.17c) 
after use. By comparing the XRD patterns of the spent catalysts with those of 
unreduced fresh catalysts in Figure 4.17d−f, it is seen that the characteristic peak of 
the chrysocolla phase at 2θ = 21.4° was retained to some degree after reaction, 
particularly in the doped catalysts. It supports the structure-stabilizing effect of the 
dopants as proposed earlier. Indeed, the decrease in surface area during reaction is 
also much less significant for Zn34-CuSiNT than for undoped CuSiNT (see Figure 
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4.17g,h, the BET surface area of spent undoped CuSiNT is 65 m2/g and that of spent 
Zn34-CuSiNT is 252 m2/g).  
 
Figure 4.16. TEM images of spent catalysts: (a) undoped CuSiNT, (b,d,e) Zn34-
CuSiNT, and (c) Ni4-Zn30-CuSiNT. EDX elemental mapping of the site in (e) is 
shown in (f) for Si, (g) for Cu, and (h) for Zn. Length of scale bars in (e–h): 20 nm. 
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Figure 4.17. Powder XRD patterns of (a–c) spent catalysts compared with (d–f) 
freshly calcined catalysts, where (a,d) undoped CuSiNT, (b,e) Zn34-CuSiNT, (c,f) 
Ni4-Zn30-CuSiNT. (g) N2 sorption isotherms and (h) BJH pore size distribution of 
spent catalysts. 
From the broadening of XRD peaks, the crystallite size of Cu2O is estimated to be 
9, 5 and 2 nm for the spent CuSiNT, Zn34-CuSiNT and Ni4-Zn30-CuSiNT, 
respectively. The size of Cu particles in the Ni4-Zn30-CuSiNT is around 3 nm. The 
reduction of particle size in doped catalysts indicates a strong metal-support 
interaction which is probably the reason for the increase in activity and methanol 
selectivity. Similar effects are usually reported for the Cu/ZnO system in industrial 
catalysts,155-156 but in the present work ZnO is not detected in the spent catalysts by 
either XRD or HRTEM. Because the elemental distribution of Zn is rather uniform in 
the used Zn34-CuSiNT (Figure 4.16e–h), it is believed that Zn remains as silicates 
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after catalyst activation, though transfer of trace amount of Zn species to Cu surface 
is still highly possible. In the doped CuSiNT catalysts, maximal promoting effect of 
Zn is apparently achieved at the lower Zn content of Zn34-CuSiNT, and further 
increase in Zn content does not improve Cu-support interaction because uniform 
distribution of Cu and Zn in the ultrathin tubular structure allows sufficient 
modification of Cu surface with Zn at relatively low Zn content. However, Zn species 
alone are almost inactive in CO2 hydrogenation under the present experimental 
conditions. As the specific CO2 hydrogenation activity is calculated on the basis of 
total metal content (Cu + Zn + Ni), the presence of excessive amount of Zn and hence 
decreased amount of active Cu species causes a lower specific activity of Zn43-
CuSiNT. 
In addition, the promoting effect of Ni in methanol synthesis from CO2 
hydrogenation has been proven,211-212 which explains the high methanol selectivity for 
the Ni4-Zn30-CuSiNT. Apparently, the Ni dopant has also contributed to the stability 
of the Cu particles in the Ni4-Zn30-CuSiNT against oxidation. It is speculated that Ni 
was concentrated on the surface of Cu and formed a dense oxide layer to prevent the 
Cu underneath from oxidation. However, reliable determination of the spatial 
distribution of Ni is hindered by its low abundance in this system. 
 
4.4. Conclusions 
In summary, single-walled copper silicate nanotubes have been synthesized 
successfully with controllable secondary structures, and a general method of doping 
the CuSiNT with many 3d transition metals has been developed. All the divalent 
dopants (Mn2+, Fe2+, Co2+, Ni2+ and Zn2+) have replaced Cu through ion exchange in 
the octahedral sites of CuSiNT. Furthermore, the Zn- and Ni-doped CuSiNT have 
shown a significant improvement in catalytic activity and methanol selectivity for the 
Chapter 4. Structured Assemblages of Single-Walled 3d Transition Metal Silicate Nanotubes for 
Methanol Synthesis by CO2 Hydrogenation 
83 
 
CO2 hydrogenation, reaching values comparable or superior to commercial catalysts. 
This synthetic approach offers promising potential for design-made transition metal 
catalysts with tubular silicate supports. 
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Chapter 5. Monodisperse Aluminosilicate Spheres 
with Hierarchical Macro-Meso-Microporous Structure 
for Direct Dimethyl Ether Synthesis from CO2/H2 
 
5.1. Introduction 
Mesoporous silicate molecular sieves have gained increasing interest ever since 
the first synthesis of MCM-41.57, 213 The large surface area and chemical inertness 
make this class of materials useful in separation,214 drug delivery89 and heterogeneous 
catalysis.215 Compared with the crystalline structure of zeolites and metal-organic 
frameworks, the amorphous nature of mesoporous silica offers more flexibility in 
terms of structural tuning which is essential in the synthesis of complex, multi-
functional materials.12 In addition, the lower diffusion barrier of mesoporous 
structures allow for more efficient utilization of internal surface areas and higher 
resistance towards pore plugging.216 With early works emerging in the 1990s,86 the 
synthesis of hierarchically macro-mesoporous silica has been frequently reported 
recently,13, 81, 89-91 illustrating well the versatility of amorphous siliceous materials. 
The interconnected mesopores and macropores of such materials lead to high 
accessibility of internal surfaces and provide enough space for integration with bulk 
phases that is impossible in solely mesoporous materials.80 However, a majority of 
industrially important catalytic reactions involve molecular species sized below the 
mesoporous range, and to really explore the molecular sieving properties of porous 
silica, microporous structures are required.15 Although it seems probable to tackle the 
conflict between pore accessibility and size selectivity by integrating microporous 
and mesoporous materials,104, 217 a more facile single-step approach is still preferred 
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where hierarchical macro-meso-microporous structures can form simultaneously. 
Unfortunately no such works on aluminosilicate materials have been reported so far. 
On the other hand, purely siliceous materials lack reactive sites and their 
functionalization relies entirely on incorporation of heteroatoms. In particular, Al is 
frequently introduced to create acidic sites in porous silica.92, 218-229 It has been shown 
that the acidity of the resultant aluminosilicate is closely related to the coordination 
environment of incorporated Al which in turn depends on the chemistry of precursor 
solution.220, 222-224, 226, 230 Tetrahedrally coordinated Al is capable of producing stronger 
acid sites than its octahedral counterpart, and to introduce Al as tetrahedral complexes 
an alkaline environment is beneficial due to the following equilibria,231-232 where 
Roman numeral superscripts denote the coordination number of Al: 
[AlVI(H2O)6]3+ + 3OH− ↔ AlVI(OH)3⋅nH2O + (6−n)H2O   (5.1) 
AlVI(OH)3⋅nH2O + OH− ↔ [AlIV(OH)4]− + nH2O    (5.2) 
However, direct introduction of Al compounds into the precursor solution poses 
negative effects on the morphological control of the aluminosilicate material. Unlike 
mesoporous silica particles which have been prepared with well-defined shape and 
sizes,63 aluminosilicate was usually obtained in the form of non-uniform particles216, 
218, 224
 or macroscopic aggregates.225-226, 229 Attempts have been made to resolve the 
issue by a two-step approach whereby morphologically well-defined SiO2 particles 
were first synthesized and then grafted with Al through hydrothermal processing,92 
but the relatively complicated synthetic procedure is a significant drawback. For 
practical purposes, the single-step approach is much more desired. 
During the development of synthetic strategies of mesoporous silica, the nature of 
ionic species present in the precursor mixture have been found to strongly influence 
the pore structure of the product, especially for the combination of anions and 
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cationic surfactant templates.4, 61, 229 Such effects are often referred to as Hofmeister 
anion effects, a terminology derived from Hofmeister’s work on solubilization of 
proteins by different salts.233 Briefly, anions are ordered in the “Hofmeister series” 
according to increasing potency of solubilizing proteins as follows:234 
SO42− < OH− < F− < Cl− < Br− < NO3− < I− 
According to general understanding,234-235 the solubilizing power is related to the 
polarizability and hydration structure-forming (cosmotropic) or breaking (chaotropic) 
tendencies of the anions; those to the left of Cl− or “cosmotropic ions” form strongly 
bound hydrated structures and exhibit weaker charge screening effects on surfactant 
micelles than ions to the right of Cl− or “chaotropic ions”. With the adsorption of 
cosmotropic ions, the effective charge of cationic surfactant micelles increases. The 
increased charge generates stronger repulsive Coulomb force and hence longer 
equilibrium distance between surfactant head groups in an individual micelle,236 
which in turn reduces the surfactant packing parameter:4, 59 g = V / (aol) where V is the 
effective volume of hydrophobic part of the surfactant, ao is the effective area of 
surfactant head group at the micelle surface, and l is the kinetic length of the 
hydrophobic tail. Consequently the spontaneous assembling of surfactant molecules 
into surfaces with high curvature is favored. In addition, inter-micellar repulsion is 
also increased, preventing the coalescence of micelles. In fact, not only micelles but 
also liquid droplets in surfactant-stabilized emulsions experience similar effects.237-238 
So far remarkable success has been seen in applying Hofmeister anion effects to 
materials synthesis,4, 61, 229, 239 but research on this topic has been largely limited to 
non-metal anions (e.g. Cl–, NO3–, SO42–, etc.) in mesoscopic systems. Recently, a 
study on the assembling of noble metal clusters and cetyltrimethylammonium 
bromide (CTAB) micelles showed profound morphological effects of the metal 
precursors, i.e., [AuCl4]−, [PtCl4]− and [PdCl4]−,240 which is actually an example of 
Hofmeister anion effects (Class II ions with large polarizabilities).234 In the present 
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work, the generality of Hofmeister anion effects is further demonstrated by controlled 
synthesis of macro-meso-microporous aluminosilicate spheres (MASS) in a 
microemulsion system. The microemulsion containing both nano-sized surfactant 
micelles and submicron giant vesicles serves as an ideal platform for the exploitation 
of the multi-scale Hofmeister anion effects of [Al(OH)4]–, and provides crucial 
morphological control during the incorporation of Al, leading to monodisperse MASS. 
 
5.2. Experimental Section 
5.2.1. Chemicals and reagents 
Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), zinc 
nitrate (Zn(NO3)2⋅6H2O) and ethylenediamine (EDA) from Sigma-Aldrich, copper 
nitrate (Cu(NO3)2⋅3H2O), ammonia solution (NH3, 32%) and sodium hydroxide 
(NaOH) from Merck, sodium aluminate (NaAlO2) from Nacalai, ethanol (absolute, 
analytical grade) from Fisher Scientific, Aerosil 300 fumed silica from Degussa and 
toluene from J. T. Baker were used as received. The gases used for catalyst evaluation 
were of the purified grade (H2: 99.9995%, N2: 99.9995%, CO2: 99.8%). 
5.2.2. Syntheses of MSS and MASS 
In a typical synthesis, 150 mg of CTAB, 180 µL of TEOS and 600 µL of toluene 
were dissolved in 24 mL of ethanol and stirred for 10 min. Meanwhile, 0−30 mg of 
NaAlO2 and 0.75 mL of ammonia solution were dissolved in 26 mL of deionized 
water. The aqueous solution was then poured into the organic phase under stirring to 
form a clear mixture, which was aged at ambient temperature for 4 h. The 
precipitation was separated by centrifugation and washed with ethanol for 3 times 
before characterization. The products, macro-meso-microporous silica spheres and 
macro-meso-microporous aluminosilicate spheres, are named as MSS (without 
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adding NaAlO2) and MASS-X respectively, where X stands for the amount (mg) of 
NaAlO2 added. In some experiments the amount of water (w) or toluene (t) was 
varied, and the product is denoted as MASS-XwY or MASS-XtY, where Y stands for 
the amount of water (in mL) or the amount of toluene (in µL). The exact amounts of 
reagents used in each case are recorded in Table 5.1 below. 
Table 5.1. Synthesis parameters* of important MSS and MASS samples 







MSS 600 26 0 0 No 
MASS-7.5 600 26 7.5 0 No 
MASS-15 600 26 15 0 No 
MASS-30 600 26 30 0 No 
MSS (pH = 11.57) 600 26 0 60 No 
MSS (pH = 11.81) 600 26 0 120 No 
MSS-cal 600 26 0 0 500 °C, 4 h 
MASS-7.5cal 600 26 7.5 0 500 °C, 4 h 
MASS-15cal 600 26 15 0 500 °C, 4 h 
MASS-30cal 600 26 30 0 500 °C, 4 h 
MASS-15w24 600 24 15 0 No 
MASS-15w25 600 25 15 0 No 
MASS-15w27 600 27 15 0 No 
MASS-15w24cal 600 24 15 0 500 °C, 4 h 
MASS-15w25cal 600 25 15 0 500 °C, 4 h 
MASS-15w27cal 600 27 15 0 500 °C, 4 h 
MASS-15t0 0 26 15 0 No 
MASS-15t100 100 26 15 0 No 
MASS-15t300 300 26 15 0 No 
MASS-15t750 750 26 15 0 No 
MASS-15t0cal 0 26 15 0 500 °C, 4 h 
MASS-15t100cal 100 26 15 0 500 °C, 4 h 
MASS-15t300cal 300 26 15 0 500 °C, 4 h 
MASS-15t750cal 750 26 15 0 500 °C, 4 h 
*Common synthesis parameters: 24 mL of ethanol, 150 mg of CTAB, 180 µL of 
TEOS, 0.75 mL of 32% NH3 
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5.2.3. Drying and calcination of samples 
The as-synthesized MSS and MASS were dried in an electrical oven at 60°C 
overnight. Calcination was carried out at 500°C for 4 h in static air (heating rate = 
1.5 °C/min). The products are referred to as MSS-cal and MASS-Xcal, respectively 
(see Table 5.1 for details). 
5.2.4. Syntheses and evaluation of supported Cu/ZnO catalysts 
The MSS-cal and MASS-15cal were wet-impregnated with drop-wise addition of 
an aqueous solution of calculated amounts of Cu(NO3)2⋅3H2O, Zn(NO3)2⋅6H2O and 
ethylenediamine where metal/EDA = 1/2 (mol/mol). After being kept at ambient 
temperature for 1 h, the paste was dried at 100 °C for 30 min and calcined at 350°C 
for 2 h. The product is denoted as CZMSS or CZMASS-15 according to the support 
material used. 200 mg of such catalyst was diluted with 50 mg of Aerosil 300 SiO2 
and loaded into a tubular stainless steel reactor with a diameter of 3/8”. Details about 
the reactor set-up can be found in Section 3.9. The catalyst was activated in situ with 
flowing 10% H2/N2 (50 std mL/min) at 275 °C for 4 h and cooled to ambient 
temperature in the same gas mixture. The temperature was then increased to 250 °C 
with a gas mixture containing 72% of H2, 24% of CO2 and 4% of N2 fed to the reactor 
at 60 std mL/min, and the pressure was increased to 20 bar by a backpressure 
regulator. After the reactor was stabilized for 1 h, composition of the effluent was 
monitored by gas chromatography for 20 h. 
Additionally, catalytic properties of some other catalysts based on MSS/MASS 
(e.g., Cu/ZnO-loaded MASS with its Na content exchanged with Mg and 
Cu/ZnO/Ga2O3-loaded MASS) were also investigated. The results which are more 
remotely related to the focus of this chapter are presented in Section A1.4 of 
Appendix 1. 
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5.2.5. Materials characterization 
In this work, 27Al MAS NMR spectra were acquired at 104.3 MHz with a 5 µs 
pulse and 256 scans. The sample powders were contained in 4 mm zirconia rotors 
spinning at 8 kHz. Aqueous Al(NO3)3 was used as the reference for chemical shift. 
Before N2 sorption experiments, the samples were outgassed in flowing He at 200 °C 
for 3 h. 
 
5.3. Results and Discussion 
5.3.1. Effects of NaAlO2 
Typical morphologies of macro-meso-microporous silica spheres (MSS) and 
macro-meso-microporous aluminosilicate spheres (MASS) with different Al contents 
synthesized in the CTAB-stabilized oil-in-water microemulsion system are shown in 
Figure 5.1a−h. Overall the products are uniform submicron spheres. As indicated in 
Figure 5.1i−l, the particle sizes exhibit unimodal distributions and the small 
geometric standard deviations of ≤1.1 indicate low polydispersity of the MSS and 
MASS. Open channels in the macroporous range are observed in all of the spheres, 
which formed presumably around toluene droplets. The FESEM images (Figure 
5.1b,d,f) show clearly that increasing amount of NaAlO2 in the precursor solution 
resulted in a shrink in channel width and a denser distribution of channels. For 
MASS-30, however, only shallow indentations can be observed by FESEM (Figure 
5.1h). With better clarity of internal structures through TEM, the indentations are 
confirmed to be discontinuous ellipsoidal voids that have openings to the surface 
(Figure 5.1g). Such aluminate-induced morphological changes have not been reported 
before, and it is believed that they are a consequence of Hofmeister anion effects of 
[Al(OH)4]– which will be discussed later in detail. 
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Figure 5.1. TEM and FESEM images and particle size histograms of (a,b,i) MSS, 
(c,d,j) MASS-7.5, (e,f,k) MASS-15, and (g,h,l) MASS-30. TEM images of MASS-5, 
10, 20, 25, 35, 40 samples are reported in Section A1.1 of Appendix 1. 
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Figure 5.1 continued. The particle size distribution for each sample was determined 
by measuring at least 300 particles in TEM images. Dg: geometric mean diameter, σg: 
geometric standard deviation. 
However, in the present system not only the concentration of [Al(OH)4]−, but also 
that of OH– increases with the addition of NaAlO2. In Table 5.2, noticeable increase 
of the precursor solution pH is observed as NaAlO2 is added, due to the partial 
hydrolysis of [Al(OH)4]– (Equation 5.2). Since OH− is a cosmotropic ion, its effect 
has to be separated from that of [Al(OH)4]− before attention is focused on the latter. A 
comparative study was therefore carried out where NaOH was used in place of 
NaAlO2 to adjust the pH and all the other synthesis conditions were kept unchanged. 
As Figure 5.2a,b show, the increase of pH did not cause morphological changes of the 
channels, which suggests negligible effect of OH− in the present experimental 
conditions. Moreover, this experiment proves the role of Na+ in the morphological 
control to be insignificant (comparable amounts of Na+ were introduced by NaAlO2 
and NaOH). On the other hand, the change in pH does explain the size differences in 
MSS and MASS (Figure 5.1i−l). The increase followed by decrease of mean particle 
size with increasing pH matches reported observations in sol-gel synthesis of 
mesoporous silica, where the solubilization of silicate species and hence limited 
Chapter 5. Monodisperse Aluminosilicate Spheres with Hierarchical Macro-Meso-Microporous 
Structure for Direct Dimethyl Ether Synthesis from CO2/H2 
93 
 
nucleation were cited as the reasons for larger particle size, and etching of silica as 
the cause of size reduction at a high pH range.241-242 
Table 5.2. Solution pH and elemental composition of MSS and MASS with different 
amount of NaAlO2 in precursor 
Sample Precursor 
solution pH 




MSS 11.34 0 n. a. 
MASS-7.5 11.44 0.09 0.14 
MASS-15 11.56 0.18 0.28 
MASS-30 11.75 0.35 0.57 
 
 
Figure 5.2. TEM images of (a,b) MSS synthesized with pH values adjusted to 11.57 
and 11.81 respectively using a NaOH solution, and (c,d) MASS-15 synthesized with 
continuously stirring for 6 min and 10 min respectively after mixing of the organic 
phase and aqueous phase. 
It is demonstrated in Figure 5.1i–l that the considerable variation in Al content of 
the precursor solution did not affect the uniformity of particle size pronouncedly, 
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while introducing Al during the sol-gel synthesis of silica particles has often been 
associated to ill-defined morphologies as mentioned in the Introduction. Comparing 
the present synthetic method to those in most published works, it is proposed that the 
formation of microemulsion is the key factor in the successful morphological control. 
A microemulsion exhibits variable viscosity that usually increases with the volume 
fraction of the dispersed phase and decrease with the droplets size of the dispersed 
phase.88 Importantly, the apparent viscosity of the microemulsion can significantly 
exceed that of the pure phases forming it.243 It is believed that the relatively higher 
viscosity impeded the Brownian motion of growing particles, preventing them from 
collision and aggregation. On the other hand, if mechanical energy is supplied to 
promote particle collision, the microemulsion establishment could also be disturbed, 
leading to less uniform products. To prove the role of collision in the particle growth, 
mechanical stirring was applied in the synthesis of MASS-15 to encourage turbulence 
and hence random motion of particles. Figure 5.2c,d show detrimental morphological 
effects of the stirring; the longer the stirring was applied, the lower the uniformity of 
formed products. As further evidence of the importance of forming microemulsion, 
MASS-30 has slightly higher numbers of large particles (Figure 5.1l) caused by 
particle aggregation. Considering the smaller volume of macrochannels in MASS-30 
(Figure 5.1g,h) which indicates smaller volume of insoluble toluene droplets in the 
microemulsion, the aggregation of MASS-30 particles was very possibly due to 
relatively low viscosity of the precursor mixture. 
Other than the morphological effects, direct consequences of the introduction of 
NaAlO2 also include compositional changes of the product. In the synthesis of 
aluminosilicate functional materials the ability to tightly control the Al content is 
crucial for obtaining desired acidity, which has direct impact on their catalytic 
performance.221, 228 Table 5.2 shows that in the present system the Al content can be 
tuned facilely in a wide range of Al/Si = 0−0.35 (The macrochannels disappear if 
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larger amount of Al is introduced. See Section A1.1 of Appendix 1); the Al/Si ratio in 
MASS is a simple linear function of the amount of NaAlO2 in the precursor solution. 
Surprisingly, the Na/Al ratio also increases linearly as NaAlO2 is added while in fact 
the amount of Na and Al introduced is always equal. To understand this phenomenon, 
other cationic species has to be considered, which in the present case is NH4+ 
originated from the hydrolysis of ammonia (Equation 5.3). Ion exchange property of 
amorphous aluminosilicates has been well documented.244 It allows Na+ and NH4+ to 
competitively adsorb onto the negatively charged MASS framework and as a result, 
the relative amount of both adsorbed ions depends on their concentrations in the 
precursor solution (Equation 5.4, where A stands for the MASS framework). On the 
one hand, increasing the amount of NaAlO2 raises the concentration of Na+, and on 
the other hand, increasing the pH shifts the equilibrium in Equation 5.3 towards the 
left. The combined effect is a larger Na+/NH4+ ratio in solution which drives the 
equilibrium in Equation 5.4 towards the adsorption of Na+. In addition, CTA+ may 
also partially balance the negative charge of MASS framework but since the 
concentration of CTAB was maintained consistent, its role in the changing 
composition can be ignored. 
NH3⋅H2O ↔ NH4+ + OH−      (5.3) 
Na+ + NH4A ↔ NH4+ + NaA      (5.4) 
The mesostructures of the as-synthesized MSS and MASS samples were 
characterized by powder XRD and high-resolution TEM. Figure 5.3 shows that the 
purely siliceous MSS sample possesses 2D hexagonal symmetry which is assigned to 
the p6mm plane group with a = 2.77 nm. The peak assigned to the (20) plane is very 
broad and asymmetric, most probably due to presence of a partially overlapping (11) 
diffraction peak. With the addition of NaAlO2, a coexisting mesophase appeared in 
MASS-7.5 and dominated in MASS-15. The new structure possesses cubic symmetry 
Chapter 5. Monodisperse Aluminosilicate Spheres with Hierarchical Macro-Meso-Microporous 
Structure for Direct Dimethyl Ether Synthesis from CO2/H2 
96 
 
and is best assigned to the Pm3¯n space group with a = 8.42 nm. The mesostructural 
transition is also reflected by increased pore size and altered pore arrangement 
directly observed by high-resolution TEM, as shown in Figure 5.4. However, further 
increase in the amount of NaAlO2 did not change the symmetry, as indicated by the 
XRD pattern of MASS-30 (Figure 5.3). Mesostructural transition of siliceous 
materials due to Hofmeister anion effects has been reported in several works,61, 229, 239 
and a particularly relevant example229 is the change from p6mm to Pm3¯n facilitated 
by the replacement of NO3−, a chaotropic anion, with cosmotropic SO42−. In Scheme 
5.1, comparison of the pore structures of the two mesophases shows higher curvature 
of pore walls and more discrete pore network in Pm3¯n, which reflect the dual effect 
of cosmotropic anions: smaller surfactant packing parameter and stronger 
intermicellar repulsion. The p6mm-to-Pm3¯n transition in the present system makes it 
reasonable to postulate a cosmotropic nature of [Al(OH)4]−. 
 
Figure 5.3. XRD patterns of as-synthesized MSS and MASS samples with different 
Al contents. Diffraction data above 2θ = 5° is shown in 5× magnification. The curves 
have been shifted in the y-direction for better clarity. 
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Figure 5.4. TEM images of (a) MSS, (b) MASS-7.5, (c) MASS-15 and (d) MASS-30 
with high magnifications. The sample powders of MASS-15 and MASS-30 were 
crushed under a pressure of 390 MPa during sample preparation for better clarity. 
The Hofmeister effects of [Al(OH)4]– also explain the morphological change of 
the macrochannels. Scheme 5.2 illustrates that the toluene droplets in the present oil-
in-water microemulsion are stabilized by CTA+ ions and are thus positively charged. 
Similar to the smaller CTA+ micelles more frequently encountered in the synthesis of 
mesoporous silica, they are expected to be subjected to Hofmeister effects. As the 
adsorption of more cosmotropic anions at the oil-water interface leads to higher 
stability and hence smaller sizes of the droplets,237 the channels formed around the 
toluene droplets should also exhibit narrower widths, which has apparently occurred 
with the introduction of NaAlO2 (Figure 5.1a–h). It is thus confirmed that [Al(OH)4]−, 
the dominant form of aluminate in solution, is cosmotropic in comparison to Br− 
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originated from CTAB. Note that indeed [Al(OH)4]− can bind easily to water 
molecules through hydrogen bonding. 
Scheme 5.1. Mesostructural tuning of MASS* facilitated by the Hofmeister anion 
effect of [Al(OH)4]– 
 
*The adsorption of [Al(OH)4]– in replacement of Br– on CTA+ micelles increases the 
surface curvature, promoting the rod-to-sphere transformation. The difference in 
micelle shape is reflected in the mesostructures of the final MASS products. 
Scheme 5.2. Shrinking of CTA+-stabilized toluene nanodroplets under the Hofmeister 
anion effect* 
 
*The chaotropic bromide ion (Br−) is replaced by cosmotropic [Al(OH)4]−. These 
nanodroplets (i.e., giant vesicles) are flexible enough to serve as soft templates for the 
formation of cone-shaped radial macrochannels in the MSS or MASS (TEM/FESEM 
images, Figure 5.1). 
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To reveal the textural properties of MSS and MASS, N2 physisorption 
experiments were performed on calcined samples. As Figure 5.5a displays, they 
exhibit type I isotherms with narrow H4 hysteresis in general, suggesting the 
coexistence of micropores and mesopores.245 In particular, the extension of hysteresis 
loops below the relative pressure of 0.2 is strong evidence of the presence of 
micropores, but the possibility of MSS and MASS being crystalline zeolites is ruled 
out by the absence of corresponding peaks in the XRD patterns (Figure 5.3). 
Moreover, the near-saturation adsorption at the relative pressure of P/P0 > 0.9 
provides useful information about the size and amount of macropores that correspond 
to the macrochannels observed by electron microscopy (Figure 5.1a−h). From MSS to 
MASS-15, the increasing slope of adsorption isotherms in the near-saturation range 
indicates increasing amount of relatively small macropores (dpore = 50−100 nm) 
which reflects the decrease in average channel width and/or increase in number of 
channels. However, as the channels continue to shrink and become discontinuous 
eventually in MASS-30, very few macropores are accessible to gas molecules and 
significant decrease in near-saturation adsorption is seen. 
 
Figure 5.5. (a) N2 physisorption isotherms and (b) differential volumetric pore size 
distribution of calcined MSS and MASS samples calculated by NLDFT. The curves 
have been shifted in the y-direction for better clarity. The dashed lines are visual 
guides. 
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More precise details about the pore structure of calcined MSS and MASS samples 
can be obtained from the pore size distribution reported in Figure 5.5b. It should be 
pointed out that in a Pm3¯n mesostructure, spherical pores are expected, the size of 
which cannot be determined with decent accuracy by the commonly used BJH 
method; instead, non-local density functional theory (NLDFT) calculations covering 
a wider range of adsorption modes are preferred.4 Here the NLDFT kernel of 
Quantachrome NovaWin was used assuming the adsorption of N2 on silica with a 
cylindrical/spherical pore structure. The results in Figure 5.5b show clearly a bimodal 
size distribution of mesopores. As further evidence of the Pm 3¯ n structure, the 
bimodal distribution is consistent with published studies on the pore structure of Pm3¯
n mesoporous silica.246 Moreover, a comparison of micropore volume in Table 5.3 
shows a decreasing trend as Al content increases, which matches the change in the 
XRD peak intensity of the p6mm mesophase (Figure 5.3). Considering in addition the 
relatively small size of pores that can be accommodated in the p6mm mesophase, the 
micropores are assigned to it while the mesopores in the size range of 2−3 nm are 
attributed to the Pm3¯n mesophase. Note that although the micropore volumes of 
MASS-15cal and MASS-30cal are small compared with the samples containing less 
Al, they still contribute significantly to the total pore volume, which suggests 
possibility of p6mm mesophase in both samples. In fact, the shoulder peaks observed 
in Figure 5.3 for MASS-15 and MASS-30 at 2θ = 3.4° may be caused by its presence. 
Similarly, the notable amount of mesopores in MSS-cal could also mean that MSS 
contains Pm3¯n mesophase, but its diffraction signal might not be strong enough to 
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Table 5.3. Textural properties of calcined MSS/MASS with different amount of 
NaAlO2 in precursor 
Sample SBET (m2/g) 
Vmicro* 
(cm3/g) 
Vmeso (2−30 nm)* 
(cm3/g) 
MSS-cal 715 0.17 0.15 
MASS-7.5cal 712 0.14 0.17 
MASS-15cal 656 0.12 0.19 
MASS-30cal 492 0.11 0.10 
*Calculated with the NLDFT method 
Overall the volume of mesopores increases with the Al content up to MASS-15 
(Table 5.3), as also reflected by the height of hysteresis loops in Figure 5.5a. Such 
evolution is a result of the Hofmeister effect of [Al(OH)4]−; it causes the 
transformation of cylindrical micelles that form micropores in the p6mm mesophase 
into spherical micelles that are templates for mesopores in Pm3¯n.239 On the other 
hand, as depicted by Scheme 5.1 the narrow openings that connect the spherical pores 
in Pm3¯n could limit access of gas molecules and lead to “concealed” surfaces in the 
physisorption experiments. As a result, decreased surface area is observed with the 
progressive dominance of the Pm3¯n mesophase from MASS-7.5 to MASS-30 (Table 
5.3). The dramatic drop in mesopore volume of MASS-30 can be attributed to the 
same effect. Interestingly, Figure 5.5b shows that the Al content does not affect the 
position of modes of the pore size distribution but only their relative height. The 
change in the relative population of larger and smaller mesopores is also reflected by 
the slight shift of XRD peaks of MASS-30 towards higher angles in Figure 5.3; it can 
be associated with the abundance of smaller mesopores which results in a smaller unit 
cell. 
Indeed, the hierarchical pore structures are confirmed by direct observation of the 
calcined samples through TEM. The images with lower magnification, i.e., Figure 
5.6a,c,e,g show that the spherical shape and macrochannels in all of the samples are 
stable to calcination at 500 °C; no scaling or channel collapsing are found. Under 
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higher magnification (Figure 5.6b,d,f,h), micro- and mesopores are revealed. In MSS-
cal and MASS-7.5cal particularly, pores aligned to the radial direction with openings 
1.0−1.4 nm wide can be clearly seen. It becomes difficult to resolve the pore image as 
the Al content is further increased, most probably due to the spherical shape of pores 
in Pm 3¯n. For example, although extended pores can still be found by carefully 
observing the TEM image of MASS-15cal in Figure 5.6f, pores in MASS-30cal all 
appear as discrete low-contrast dots in Figure 5.6h. 
 
Figure 5.6. TEM images of calcined samples: (a,b) MSS-cal, (c,d) MASS-7.5cal, (e,f) 
MASS-15cal, and (g,h) MASS-30cal. 
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Figure 5.6 continued. 
Taking a further step down the dimension, the atomic-scale structures of MSS and 
MASS were studied by NMR and FTIR techniques. The 27Al magical-angle spinning 
NMR spectra in Figure 5.7 show only one type of Al in the as-synthesized MASS, 
whose signal strength increases with the Al content. The peak is located at around 
54.5 ppm regardless of the Al content, indicating that 100% of the Al is tetrahedrally 
coordinated.230 The incorporation of Al into tetrahedral centers of aluminosilicate 
framework is desirable in the synthesis of acidic catalyst supports, as the Al−OH−Si 
bridge thus formed provides stronger acid sites that are more active than those created 
by octahedral Al.247 Compared with aluminosilicates synthesized in acidic and/or 
hydrothermal conditions,92, 219-220, 225 the higher percentage of tetrahedrally 
coordinated Al is probably a result of the chemical state of Al in the precursor 
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solution. In neutral-to-acidic solutions, the principle forms of Al3+ are octahedral 
[Al(H2O)6]3+ and its hydrolyzed hydroxy analogues. During the synthesis of 
aluminosilicates, the hydrolysis and condensation of octahedral Al3+ complexes 
compete with the incorporation of Al, usually resulting in noticeable formation of 
extra-framework Al species that appear as a peak at ca. 0 ppm in 27Al magical-angle 
spinning NMR spectra.230 In contrast, the present system was kept at a relatively high 
alkalinity and Al was introduced as a stable tetrahedral complex [Al(OH)4]−, which 
prevented the competing reactions during the mild sol-gel process. However, after 
calcination 5-coordinated Al (peaks at ca. 30 ppm in NMR spectra230) and octahedral 
Al species appear (Figure 5.7), though the majority of Al remains in tetrahedral 
centers, particularly in MASS-30cal. 
 
Figure 5.7. 27Al magic-angle spinning NMR spectra of MASS samples before/after 
calcination. Numbers in parentheses are percentage of deconvoluted individual peak 
areas among total peak areas. Spinning sidebands are marked by asterisks. 
The effect of Al incorporation is also reflected by FTIR spectroscopy. In Figure 
5.8, typical mid-IR absorption bands of amorphous silica are observed for all of the 
as-synthesized and calcined samples. For as-synthesized MSS, the strong band at 
1063 cm−1 with a shoulder at 1215 cm−1 and the band at 795 cm−1 can be assigned to 
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the asymmetric and symmetric stretching of Si−O in SiO4 tetrahedra, respectively.248 
Another strong band at 455 cm−1 is due to vibration of interconnected SiO4 
tetrahedra.249 A weak band near 580 cm−1 is attributed to the bending mode of surface 
silanol group Si−OH,250 though its overlap with vibration modes of Si−O−Si ring 
structures is possible224. The surface silanol group should also exhibit a stretching 
mode at around 960 cm−1,251 but in this case the latter cannot be resolved due to heavy 
overlap with absorption bands of CTAB. As the Al content increases in the as-
synthesized samples, red-shift is observed in all of the Si−O vibration modes, which 
has been attributed to the incorporation of Al in silica frameworks.249, 252 It is believed 
that the lower electronegativity of Al compared with Si causes the immediately 
neighboring O to gain extra electron density, thus weakening the Si−O bond. Notably, 
a new band at 870 cm−1 emerges in the spectrum of MASS-30 that is assigned to the 
interactive vibration of AlO4 tetrahedra.253 It is apparently a result of extensive 
incorporation of Al that increases the probability of neighboring Al coordination 
centers. In addition, two bands at 1408 cm−1 and 1397 cm−1 assigned to adsorbed 
NH4+ are also observed for MASS-30,254-256 further confirming the competitive 
adsorption of NH4+ and Na+ during the sol-gel synthesis (Equation 5.4). It is worth 
pointing out that NH4+ usually appears as a single peak at 1400 cm−1, but in the 
present case the overlap with OH bending modes of hydrogen-bonded H2O 
manifested the peak as a doublet. 
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Figure 5.8. FTIR spectra of as-synthesized and calcined MSS and MASS samples. 
After calcination, noticeable blue-shift occurred in all of the absorption bands 
related to the vibration modes of Si−O, which indicates a denser framework in 
general. Moreover, the red-shifts caused by Al incorporation persisted; the Al still 
remained in the framework. As a result of thermally induced condensation of surface 
silanol groups, the intensity of the broad bands near 580 cm−1 decreased. On the other 
hand, the complete removal of CTAB during calcination allowed for the stretching 
mode of Si−OH to be resolved. For MSS-cal it is located at 963 cm−1. Similar to the 
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stretching modes of framework Si−O, it also experiences red-shift due to 
incorporation of Al and in the meanwhile, a decreasing trend in its intensity is 
observed. The red-shift can be explained by the presence of less electronegative Al 
neighboring the silanol, and the decreasing band intensity suggests that Al promotes 
the condensation of silanol groups, probably by forming Si−O−Al linkages.257 
Accompanying the attenuation of Si−OH vibration modes, two bands at 891 cm−1 and 
730 cm−1 emerged gradually which are assigned to the vibration modes of 
interconnected and isolated AlO4 tetrahedra, respectively.253, 258 It should be pointed 
out that the absorption band of isolated AlO4 is also present in the spectrum of as-
synthesized MASS-30, but it is covered by the absorption bands of CTAB at 719 
cm−1 and 730 cm−1. 
5.3.2. Effects of water 
Figure 5.9 present the morphology of MASS-15 synthesized with varied amounts 
of water. The most obvious morphological effect of water is inhibition of particle 
aggregation, which can be partially understood as a result of a change in the relative 
rate of TEOS hydrolysis and silicate condensation. As shown in Equations 5.5 and 
5.6, the sol-gel synthesis of siliceous materials can be considered a reactions series: 
TEOS is first hydrolyzed into less ethylated species which (represented by H4SiO4 
here for clear presentation) then undergo condensation to form oligomers and 
eventually SiO2 precipitate. The increase in water concentration speeds up the 
hydrolysis and hence the formation of poorly soluble condensed silicates. From the 
classic view of crystal growth,259 the large degree of supersaturation favors burst 
nucleation. If followed by a controlled growth step, narrow particle size distribution 
can be obtained. In the present system it could be achieved by depletion of Si source 
before secondary nucleation occurred and/or particles coalescent due to Brownian 
motion-induced collision. The use of more than 25 mL of water has apparently 
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created such optimal conditions (Figures 5.9b,c & 5.1e). In addition, reaction between 
surface silanol groups and silica sources has been proposed to be important in the 
growth stage of mesoporous silica spheres,260 which can be viewed as a 
heterogeneous condensation step (Equation 5.7). As shown in Equation 5.8, 
condensation between silanol groups is also possible, causing particles coalescence 
upon collision. The addition of water may stabilize the silanol group and prevent the 
formation of inter-particle linkages (Equation 5.8), hence contributing to a better size 
uniformity. On the other hand, the addition of water could also drive larger amount of 
toluene into the dispersed phase in the microemulsion and hence result in higher 
viscosity, which in turn slows down particle coalescence. 
Si(OC2H5)4 + xH2O → Si(OC2H5)4–x(OH)x + xC2H5OH      (5.5) 
nH4SiO4 → nSiO2 + 2nH2O          (5.6) 
Si−OH + H4SiO4 → Si−O−Si(OH)3 + H2O    (5.7) 
Si−OH + HO−Si → Si−O−Si + H2O     (5.8) 
 
Figure 5.9. TEM images of as-synthesized (a) MASS-15w24, (b) MASS-15w25, and 
(c) MASS-15w27. Images of MASS synthesized with other amounts of water are 
reported in Section A1.2 of Appendix 1. 
By comparing the N2 sorption isotherms of MASS-15 synthesized with increasing 
amount of water (Figure 5.10a), slightly enhanced near-saturation adsorption can be 
observed which indicates an increase in macropore volume. Corresponding 
morphological evidence can also be obtained by careful comparison among Figure 
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5.9a−c. Such increase reflects the volume change of toluene nanodroplets due to 
lower solubility of toluene in a water-rich mixture. Moreover, a closer look at the 
textural properties of these samples in Table 5.4 shows that the surface area and 
mesopore volume are sensitive to the water content; they decrease to similar extends 
as the amount of water increases. The decrease can be attributed to the lower 
structural orderliness as a result of fast particle growth.60 In contrast, the mesopore 
size distribution (Figure 5.10b) and micropore volume (Table 5.4) are not affected by 
the amount of water. 
 
Figure 5.10. (a) N2 physisorption isotherms and (b) differential volumetric pore size 
distribution of calcined MASS-15 synthesized with different amounts of toluene and 
water. The curves have been shifted in the y-direction for better clarity. 
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Table 5.4. Textural properties of calcined MASS-15 synthesized with different 
amount of water and toluene 
Sample SBET  (m2/g) 
Vmicro*   
(cm3/g) 
Vmeso (2−30 nm)* 
(cm3/g) 
MASS-15w24cal 797 0.10 0.27 
MASS-15w25cal 694 0.11 0.22 
MASS-15w27cal 545 0.11 0.14 
MASS-15t0cal 856 0.05 0.35 
MASS-15t100cal 858 0.08 0.31 
MASS-15t300cal 830 0.09 0.31 
MASS-15t750cal 523 0.09 0.17 
*Calculated with the NLDFT method 
5.3.3. Effects of toluene 
As the structure-directing agent of macropores, toluene significantly affects their 
formation in the present system. The electron microscope images in Figure 5.11a–d 
show that no macropores are formed without or with 100 µL of toluene added. In 
these cases the concentration of toluene is below the solubility limit, and instead of 
microemulsion a homogeneous precursor solution is formed. Particle aggregation can 
be observed, probably due to the lower viscosity of the homogeneous solution which 
could not damp the collision between forming particles effectively. When the amount 
of toluene is further increased to 300 µL and 750 µL, macropores emerge and grow in 
volume, and the uniformity of particle size is improved (Figure 5.11e–h). The 
changes in macropore volume are also reflected by N2 sorption isotherms plotted in 
Figure 5.10a; the near-saturation adsorption is negligible for MASS-15t0cal and 
MASS-15t100cal, while it becomes significant for products synthesized with larger 
amounts of toluene. Additional effects of introducing toluene are reflected by a 
summary of textural properties in Table 5.4. It is clear that the surface area decreases 
significantly only when more than 300 µL of toluene is added, and the mesopore 
volume also follows a similar trend. 
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Figure 5.11. TEM and FESEM images of as-synthesized (a,b) MASS-15t0, (c,d) 
MASS-15t100, (e,f) MASS-15t300, and (g,h) MASS-15t750. 
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Considering the trend in the evolution of macropores, the change in surface area 
and mesopore volume should be associated with the presence of microemulsion. It is 
believed that the formation of microemulsion consumes CTA+ as stabilizing agent at 
the oil-water interface and decreases the amount of CTA+ available to form 
mesopore-directing micelles. Consequently the mesopore volume (Table 5.4) as well 
as the closely related surface area decreases. Since increase in amount of water can 
lead to larger volume of toluene nanodroplets, the same mechanism should also play 
a role in the dependence of surface area and pore volume on water content discussed 
earlier. In addition, the presence of toluene leads to formation of micropores, but a 
small amount (e.g. 100 µL) is enough to exhibit this effect; more toluene does not 
increase the amount of micropores noticeably. The pore size distribution in Figure 
5.10b does not indicate any shift of modal sizes and the swelling of micelles can be 
excluded. It is thus speculated that the dissolved toluene enhances interaction 
between CTA molecules and leads to increased number of cylindrical micelles that 
form micropores. 
5.3.4. Effects of other synthesis parameters 
The effects of the amounts of NH3, CTAB, and TEOS used for the synthesis of 
MASS were also studied. Basically, they exhibit less significant morphological 
effects. The results are presented in Section A1.3 of Appendix 1. 
5.3.5. Catalytic experiments 
Porous silica has a long history of being used as catalyst supports. In recent years 
as global warming gains public awareness, interest in the catalytic conversion of CO2, 
the major greenhouse gas, has dramatically increased.16 The majority of works under 
this topic have been focused on Cu-based catalysts which were traditionally used for 
methanol synthesis. In this context the application of the present MSS-cal and MASS-
15cal (synthesized with 26 mL of water and 600 µL of toluene, see Table 5.1) is 
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illustrated by loading them with a Cu/ZnO composite to prepare CZMSS and 
CZMASS-15 catalysts, respectively, and testing the catalysts in the model reaction of 
CO2 hydrogenation. The actual loading of the catalysts is shown in Table 5.5. During 
catalyst evaluation, CO, methanol, and dimethyl ether (DME) were detected to be the 
only carbon-containing products. 









CZMSS 6.67 3.87 0 0 
CZMASS-15 6.91 3.99 0.170 0.319 
*Analyzed by EDX 
Figure 5.12a shows that without incorporation of Al, the CZMSS exhibits high 
specific activity comparable to published results of fumed SiO2-loaded Cu/ZnO 
catalysts (ca. 56 molCO2/kgmetal·h at steady state).168 Slow increase in the activity and 
organics selectivity can be observed in Figure 5.12a and 5.12b, respectively, which 
indicates continuous surface reconstruction of the active component promoting the 
formation of methanol. It has been suggested that Zn-doped atom “steps” on Cu 
surface, having much higher methanol synthesis activity than their counterparts on 
pure Cu surface, are the active sites in industrial Cu/ZnO/Al2O3 catalysts,155 and the 
aforementioned surface reconstruction can be regarded as diffusion of Zn towards Cu 
surfaces. However, Figure 5.12c shows that without functionalization of the silica 
support, no DME formed using the Al-free CZMSS catalyst. 
As a result of Al incorporation, remarkable change in activity and product 
composition can be observed in Figure 5.12a,c. For example, CZMASS-15 catalyst 
shows a lower specific activity but a significant increase in DME product, which 
reflects the acidity of MASS-15. It has been generally accepted that in methanol 
synthesis, DME is formed at Brønsted acid sites by the dehydration of methanol.16 
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The CZMASS-15 can thus be viewed as a bifunctional catalyst where the Cu/ZnO 
composite catalyzes methanol synthesis and the aluminosilicate support acts as solid 
acid catalyzing methanol dehydration. Assuming that DME was only derived from 
methanol as the intermediate, the conversion of methanol to DME reached 61%. 
Although the calculated organics selectivity for CZMASS-15 fluctuates greatly in 
Figure 5.12b due to random error being magnified by the low conversion, the overall 
trend follows that of CZMSS. Surface reconstruction similar to that in CZMSS can be 
expected. 
 
Figure 5.12. Results from catalysts evaluation of CZMSS and CZMASS-15: (a) 
specific activity (CO2 consumption rate normalized by total amount of Cu and Zn in 
catalyst), (b) organics selectivity (rate of CO2 converting to dimethyl ether and 
methanol divided by the total CO2 consumption rate), (c) mole ratio between 
dimethyl ether and methanol in product stream, and (d) XRD patterns of spent 
catalysts. 
After the catalytic reaction, the spent catalysts were analyzed by XRD. Figure 
5.12d shows that Cu and/or Cu2O were present in the samples. Considering the 
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strongly reducing environment of the reaction, Cu2O should not exist in significant 
amounts during the reaction; it was formed presumably by the oxidation of Cu in air. 
Despite large efforts in controlling the exposure of the samples to air, their oxidation 
which continued in the sample chamber of the diffractometer was inevitable. 
Nevertheless, the degree of oxidation and status of the remaining unoxidized Cu 
particles provide valuable insights about the catalyst. CZMSS exhibits particularly 
weak diffraction peaks of Cu and the oxidation of Cu particles was practically 
complete. It suggests a highly dispersed status and very reactive surfaces of Cu, 
which explain the higher activity of CZMSS (Figure 5.12a). In contrast, CZMASS-15 
shows strong diffraction signal from Cu, which is an indication of more severe 
sintering than CZMSS. Cu2O formation is insignificant for CZMASS-15 probably 
due to limited Cu surface area. Indeed, the more severe sintering of Cu particles in 
CZMASS-15 is corroborated by high-angle annular dark-field (HAADF) images and 
corresponding EDX elemental mapping of the spent catalysts shown in Figure 5.13. 
 
Figure 5.13. HAADF images of spent catalysts (a) CZMSS and (b) CZMASS-15. (c) 
EDX elemental mapping of spent CZMASS-15. 
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The main factor in the Cu sintering of CZMASS-15 is believed to be limited pore 
accessibility during impregnation. As discussed earlier, the Pm 3¯n mesophase in 
MASS-15 consists of spherical pores connected by narrow holes where considerable 
surface tension may prevent solutions from wetting the entire pore network. 
Compared with the case of MSS where the cylindrical pores of the p6mm mesophase 
are more accessible, a larger portion of metal precursors might be kept near the 
surface of MASS-15. During calcination and catalyst activation, the metal precursors 
on the surface sinter more easily to reduce dispersity of the metal particles and hence 
activity. For CZMSS, it is possible that the metal particles formed deep inside MSS 
were confined by the pore walls, which prevented sintering.261 
 
5.4. Conclusions 
The single-step synthesis of monodisperse aluminosilicate spheres with 
hierarchical macro-meso-microporous structure at room temperature has been 
demonstrated for the first time. The CTAB-stabilized microemulsion system provided 
multi-scale soft templates for the hierarchical pore structure where micropores 
contributed up to over 50% of total pore volume. Meanwhile the formation of 
microemulsion was shown to be the key to obtaining monodisperse particles, most 
probably due to its rheological properties. In addition, the alkaline environment of 
precursor mixture allowed for stable existence of [Al(OH)4]− and hence incorporation 
of Al in exclusively four-coordinated state with an Al/Si ratio conveniently tunable 
between 0 and 0.35. The present work has illustrated the generality and practicality of 
Hofmeister anion effects in materials synthesis, linking two important topics about 
siliceous materials, namely chemical functionalization and pore engineering. To the 
best of our knowledge, simultaneous tuning of macro-, meso- and micropores with 
the incorporation of heteroatom in silica and in particular, synthesis of monodisperse 
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aluminosilicate particles with such hierarchical structures have not been reported 
before. The possibility of achieving monodispersity of product particles will also 
facilitate future development and utilization of this class of novel porous materials. 
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Chapter 6. Hierarchical EMT-Type Zeolite for Pt-
Catalyzed Selective CO Production from CO2/H2 
 
6.1. Introduction 
Zeolites are crystalline microporous molecular sieves with wide applications in 
catalysis, separation and even household cleaning.213 As each type of zeolite exhibits 
unique catalytic and molecular sieving properties, control over crystal polymorphism 
is of great importance in their synthesis, which is often achieved with organic 
structure-directing agents (OSDAs). However, OSDA-free approaches are more 
desirable when cost-effectiveness is concerned.262 In such approaches, M2O–Al2O3–
SiO2–H2O systems (M = alkali metals) are most frequently encountered, where 
hydrated M+ ions are generally regarded as templates for zeolite crystallization.102 
Therefore, controlling the structure of hydrated M+ ions provides a route toward 
selective synthesis of zeolites. Simple alcohols, for instance, are ideal additives due to 
their low cost and ability to alter the water structure.263 However, study on this topic 
has been largely limited to fundamental chemistry. Although examples of alcohols 
influencing zeolite polymorphism exist,264-265 deliberate experimental exploration on 
the role of cationic solvation therein has not been pursued. 
EMT is a closely related polymorph of FAU which in oil refineries catalyzes the 
vital process of fluid catalytic cracking of hydrocarbons. EMT is also useful in such 
reactions with different catalytic properties,266 but its practicality has been limited by 
high cost. As illustrated in Figure 6.1, both polymorphs are constructed by stacking of 
faujasite sheets. In EMT, adjacent sheets form mirror symmetry, resulting in 
hexagonal lattice with ABAB⋅⋅⋅⋅ stacking. In FAU, adjacent sheets are related by 
inversion centers, forming cubic lattice with ABCABC⋅⋅⋅⋅⋅⋅ stacking. The structural 
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similarity between EMT and FAU allows for extensive stacking faults. Synthesis of 
the less stable EMT (due to its lower symmetry) in pure form is hence more 
challenging than that of EMT-FAU intergrowths such as ZSM-2, ZSM-3, ZSM-20, 
ECR-30 and CSZ-1.129 Since the first success,267 synthesis of pure EMT had required 
the toxic OSDA of 18-crown-6, until EMT-type nanozeolite was obtained recently by 
an OSDA-free method where strictly controlled starting gel composition and heating 
procedure were crucial.268 Attempt has also been made to synthesize EMT in 
aggregated forms with certain degree of secondary structure.269 Compared with 
conventional zeolite products, nanozeolites have higher mass-transfer efficiency and 
are easier to integrate into complex nanostructures,12, 270-271 but their energy-intensive 
separation process is an obstacle to large-scale applications. Therefore hierarchical 
zeolites that are relatively easy to separate and retain the mass-transfer advantages 
have gained widespread interest.97-99, 131 
 
Figure 6.1. Structures of (a) EMT hypercage, (b) FAU supercage, (c) EMT lattice 
viewed from the [100], (d) FAU lattice viewed from the [110], and (e) a stacking fault 
normal to FAU [1¯11]. 
It is worth mentioning that EMT-type zeolites synthesized so far without OSDAs 
have low Si/Al ratios (<1.5) due to high alkalinity of starting gels.102 Although the 
relatively weak acidity and low stability associated with low-silica (Si/Al < 2.0) 
zeolites make them unsuitable for application in refinery processes,95 their abundant 
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alkali metal content and surface hydroxyl groups become beneficial in other reactions. 
A notable example is water gas shift (WGS) reaction. Noble metal species such as Pt–
OHx and Au–O(OH)x stabilized by alkali ions and surface hydroxyl have been found 
highly active in low-temperature WGS.272-273 Low-silica zeolites are potentially good 
catalyst supports, because their surface chemistry apparently favors formation of 
these active sites and in the mild conditions of low-temperature WGS, stability of the 
support materials is less problematic. On the other hand, significant progress in 
renewable hydrogen production has drawn increasing attention to reverse water gas 
shift (RWGS) as a starting point of converting CO2 to useful chemicals.16 Experiment 
on the abovementioned noble metal WGS catalysts in the reverse reaction is a logical 
step, and catalysts such as Pt/TiO2 have indeed shown high RWGS activity.274 
However, reports on the use of low-silica zeolites in WGS/RWGS are scarce.275-277 To 
the best of our knowledge, the WGA/RWGS activity of alkali- and hydroxyl-
stabilized noble metal species has not been explored on low-silica zeolite catalyst 
supports. 
In this work, the EMT/FAU polymorphism is controlled with alcohols, and 
hierarchical EMT-type zeolite is synthesized thereby in the absence of traditional 
OSDAs. The potential of this low-silica zeolite as catalyst support will then be 
explored and compared with commercial zeolite X in Pt-catalyzed RWGS reaction. 
 
6.2. Experimental Section 
6.2.1. Chemicals and reagents 
Sodium silicate solution (Merck, 27.2% SiO2, 8.3% Na2O), sodium aluminate 
(Nacalai, 40.2% Al2O3, 28.3% Na2O), sodium hydroxide (NaOH, Merck), sodium 
carbonate (Na2CO3, Merck), platinum chloride (PtCl2, Aldrich), methanol (MeOH, 
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Fisher Scientific), ethanol (EtOH, Fisher Scientific), n-propanol (n-PrOH, Aldrich), 
isopropanol (i-PrOH, Merck), ammonia solution (NH3, Merck, 32%), and zeolite X 
(Sigma, Na-type, Si/Al = 1.2, size <10 µm) were used as received. The SiO2 content 
of the sodium silicate solution was determined by gravimetric analysis after 
condensation and precipitation of silicate species with NH4Cl/HCl. The Na2O content 
of the same reagent was determined by HCl titration. Elemental composition of the 
sodium aluminate was measured by ICP-OES method after HNO3 digestion. The 
Si/Al ratio of the commercial zeolite X was determined by EDX. 
6.2.2. Small-scale synthesis 
In a typical synthesis with starting gel composition of 51.5Na2O–Al2O3–nSiO2–
1590H2O–xROH where n = 13.8, 0.29 g of sodium aluminate and 2.0 g of sodium 
hydroxide were dissolved in 15 g of deionized water to form solution A. Meanwhile 
3.5 g of sodium silicate solution and 2.23 g of sodium hydroxide were dissolved in 
14.5 g of deionized water to form solution B. In experiments where n value of starting 
gel is different from 13.8, the amounts of sodium silicate, sodium hydroxide and 
water in solution B were adjusted accordingly (Table 6.1). With constant magnetic 
stirring, solution A was added slowly into solution B (in about 3 min), and calculated 
amount of alcohol was also added slowly. Due to its wide availability from renewable 
sources, ethanol forms the focus of this work. The methanol-, ethanol-, and 
isopropanol-containing starting gel will be hereafter referred to as “Mx”, “Ex”, and 
“iPx”, respectively, with “x” representing the amount of alcohol added. For example, 
a starting gel with the composition of 51.5Na2O–Al2O3–13.8SiO2–1590H2O–
150EtOH is thus coded as “E150”. Without addition of any alcohol, the starting gel is 
coded as “Ctrl”. The n value of a starting gel will be specified only when it is not 13.8. 
The starting gel was aged under stirring for 1 h at room temperature, sealed in a 
polypropylene test tube and allowed to crystallize in a water bath at 60 °C. After a 
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desired time of heating, the test tube was cooled in tap water. Precipitate thus formed 
was separated by repeated cycles of centrifugation and wash with deionized water 
until pH ≤ 8. The product was dried in an electrical oven at 60 °C overnight. To 
identify products obtained with y hours of crystallization, suffixes of “-yh” are added 
to the codes of the starting gels. For example, “E150-9h” denotes the product 
obtained from E150 after 9 h of crystallization.  
Table 6.1. Amounts of reagents used in zeolite syntheses* 













n x ROH 
13.8 37 MeOH M37 3.5 2.23 14.5 1.7 
13.8 150 MeOH  3.5 2.23 14.5 6.9 
13.8 37 EtOH E37 3.5 2.23 14.5 2.5 
13.8 75 EtOH E75 3.5 2.23 14.5 5 
10.8 150 EtOH  2.75 2.25 14.8 10 
11.8 150 EtOH  3.0 2.25 14.8 10 
13.8 150 EtOH E150 3.5 2.23 14.5 10 
15.8 150 EtOH  4.0 2.18 14.1 10 
13.8 19 n-PrOH  3.5 2.23 14.5 1.6 
13.8 37† n-PrOH  3.5 2.23 14.5 3.2 
13.8 19 i-PrOH  3.5 2.23 14.5 1.6 
13.8 37 i-PrOH iP37 3.5 2.23 14.5 3.2 
10.8 0 None  2.75 2.25 14.8 0 
11.8 0 None  3.0 2.25 14.8 0 
13.8 0 None Ctrl 3.5 2.23 14.5 0 
*0.29 g of sodium aluminate, 2.0 g of NaOH and 15 g of water were used in solution 
A for all experiments. 
†About 50% of n-PrOH was not dissolved. 
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6.2.3. Scaled-up synthesis 
For the scaled-up synthesis of hierarchical EMT-type zeolite, a starting gel 
composition of 51.5Na2O–Al2O3–13.8SiO2–1590H2O–150EtOH was used. The 
process consists of two synthesis cycles with a materials recycle step in between. 
Synthesis cycle 1: The procedures for the small-scale synthesis was followed, with 
a 10-fold increase in the amounts of all reagents (i.e., 2.9 g of sodium aluminate, 20 g 
of sodium hydroxide and 150 g of water in solution A, 35 g of sodium silicate 
solution, 22.3 g of sodium hydroxide and 145 g of water in solution B, amount of 
ethanol was 100 mL). The starting gel was sealed in a 500 mL polypropylene bottle 
and subjected to crystallization for 9 h at 60 °C. Zeolite product settled at the bottom 
of the bottle at the end of the hydrothermal treatment. 250 mL of clear mother liquor 
on top was decanted and stored. The product in the remaining slurry was separated by 
centrifugation, and the supernatant was combined with the mother liquor collected 
earlier. Purification of the product required 3 cycles of centrifugation and wash with 
deionized water. Drying was carried out at 60 °C overnight. 
Materials recycle: The mother liquor from synthesis cycle 1 was loaded into a 1 L 
Teflon flask equipped with a fractional distillation setup. The Teflon flask was heated 
gently in an oil bath. Distillate (ethanol solution) exiting at ca. 78 °C from the 
fractionating column was collected until the exit temperature started to rise. 100 mL 
of water was then distilled off from the remaining mother liquor. 
Synthesis cycle 2: 5 g of sodium silicate solution was added to the concentrated, 
ethanol-free mother liquor produced by the recycle step. 2.5 g of sodium aluminate 
was dissolved in the recycled 100 mL of water and added to the mother liquor under 
magnetic stirring. Preparation of starting gel was completed by addition of the 
recycled ethanol and another 8 mL of fresh ethanol. Subsequent aging, crystallization 
and separation procedures were identical to those in synthesis cycle 1. 
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6.2.4. Catalyst preparation 
300 mg of catalyst support (either EMT-type zeolite synthesized by the scaled-up 
method or commercial zeolite X) was dispersed in a clear solution prepared by 
dissolving calculated amount of PtCl2 and in some cases 10 mg of Na2CO3 in a 
mixture of 0.3 mL of 32% NH3 and 0.6 mL of water. The paste was outgassed at 40 
mbar for 3 min, aged for 30 min in ambient conditions and dried in an electrical oven 
at 100 °C overnight. The catalysts are named according to nominal Pt loading (“01” 
for 1%, “02” for 2%), type of support material and whether Na2CO3 was co-
impregnated. For example, Pt02Na-EMT has a nominal Pt loading of 2% and co-
impregnation of Na2CO3 on the hierarchical EMT-type zeolite. 
6.2.5. Catalyst evaluation 
200 mg of catalyst was ground into a fine powder and loaded into a 3/8” stainless 
steel reactor to form a fixed bed. Details about the reactor set-up can be found in 
Section 3.9. The catalyst was activated at 280 °C for 4 h (heating rate 2 °C/min) in 10% 
H2/N2 (flow rate 50 std mL/min) and cooled to room temperature. A 3:1 mixture of 
H2/CO2 containing 4% of N2 as internal standard was then fed to the reactor at 1 atm 
and a rate of 24 std mL/min. Temperature was increased at 2 °C/min to different 
values for measurement of activation energy, where effluent was analyzed for 3 times 
at each temperature and the average composition was taken. Stability test was 
performed afterwards where samples of the effluent was taken by an automated 
sampler at intervals of 30 min. 
6.2.6. Materials characterization 
In this work, spin-lattice relaxation rate (1/T1) of 23Na was measured at 300 K and 
132.29 MHz by inversion recovery experiments. 27Al MAS NMR spectra were 
acquired at 104.26 MHz with a 0.6 µs pulse and 925 scans. 29Si MAS NMR spectra 
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were acquired at 79.49 MHz with a 4 µs pulse and 400 scans. Aqueous Al(NO3)3 and 
Si(CH3)4 were used as references of chemical shift for 27Al and 29Si, respectively. 
Before N2 sorption experiments, zeolite samples were outgassed in vacuum at 225 °C 
overnight. 
 
6.3. Results and Discussion 
6.3.1. Zeolite synthesis 
Crystallization of EMT is strongly promoted by the addition of alcohols. Figure 
6.2 shows that the alcohol-free Ctrl only produced FAU-dominant intergrowths, but 
the alcohol-containing starting gels could crystallize into EMT in general. As the 
amount of ethanol increases, duration of heating required for the gel to start 
crystallizing also reduces from ca. 9 h for Ctrl to 5–7 h for E150. In addition, with the 
same amount of different alcohols added (x = 37), the onset of crystallization occurs 
in the order of iP37, E37, M37 from fastest to slowest. (A complete XRD survey of 
the crystallization process of starting gels with other compositions is reported in 
Appendix 2.1.) 
As seen in Figure 6.3, whole pattern fitting of the XRD pattern of E150-9h is 
successful with a pure EMT structure model,278 giving lattice parameters of a = 17.68 
Å and c = 28.31 Å which compare very closely to those of EMC-2, the type material 
of EMT.279 Existence of an FAU phase has also been considered for fitting, but when 
the results are compared in Figure 6.3 and Table 6.2, it is clear that quality of fitting 
increases monotonically with decreasing percentage of FAU assumed. The whole 
pattern fitting thus indicates E150-9h to be pure EMT. 




Figure 6.2. Powder XRD patterns of products from (a) the alcohol-free Ctrl and (b) 
the ethanol containing E37, (c) E75, (d) E150, (e) M37, and (f) iP37 starting gels. 
Characteristic peaks marked by dashed lines; 2θ = 6.1°: FAU (111), 2θ = 5.9°: EMT 
(100), 2θ = 6.6°: EMT (101).278 




Figure 6.3. Results of whole pattern fitting for E150-9h, with the assumption that it 
contains (a) 100% of FAU, (b) 50% of FAU and 50% of EMT, (c) mixture of FAU 
and EMT with unconstrained relative contents which were optimized to be 88% of 
EMT and 12% of FAU, or (d) 100% of EMT. Inset: calculated crystallite shape. 
Vertical ticks: peak positions of the structure models. Residual between original data 
and fitted pattern plotted at the bottom of each subfigure. Fitting performed using the 
Rietveld refinement-based MAUD program,280 with Popa rules281 and arbitrary 
texture model282 implemented to describe anisotropic size/strain and orientation of 
crystallites. 
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Table 6.2. Comparison of whole pattern fitting results of E150-9h 
Fitting* Phase composition (EMT:FAU) Rw (%) Rexp (%) a (Å) c (Å) 
a 0:100 20.6 2.0 24.97 (FAU)  
b 50:50 12.7 2.0 17.68 (EMT) 
25.56 (FAU) 
28.31 (EMT) 
c 88:12 7.2 2.0 17.68 (EMT) 
25.43 (FAU) 
28.31 (EMT) 
d 100:0 7.1 2.0 17.68 (EMT) 28.31 (EMT) 
*See Figure 6.3. 
It is worth noting that coexisting EMT and FAU could only be modeled as a 
physical mixture by the above fitting procedure, while in reality they often form 
intergrowths where boundaries between EMT and FAU domains exhibit fixed 
symmetry (Figure 6.1e). To account for such symmetry, the DIFFaX program was 
used to simulate XRD patterns of EMT-FAU intergrowths with various phase 
compositions, crystallite sizes and modes of intergrowth.283 Regarding the modes of 
intergrowth there are two possibilities being concerned: one where intergrowth takes 
the form of randomly occurring stacking faults, and the other where EMT and FAU 
form segregated domains in individual crystallites. In Figure 6.4 simulated XRD 
patterns of intergrowths with randomly occurring stacking faults are reported. The 
most pronounced changes resulting from difference in phase composition are 
observed in the peaks between 2θ = 5° to 7°. Specifically, the intensities of EMT (100) 
and (101) reflections at 2θ = 5.9° and 6.6° respectively increase with EMT content 
significantly, while in between the abovementioned two peaks the intensity of 
overlapping FAU (111) and EMT (002) reflections (2θ = 6.1°) decreases at the same 
time. Another remarkable change occurs in the EMT (103) reflection at 2θ = 11°, 
which increases in intensity with EMT content. The same trends are observed in 
simulation results for both bulk and nanocrystals. Note that for nanocrystals (Figure 
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6.4b) the EMT (101) shoulder peak only starts to develop at EMT contents higher 
than 80%. 
 
Figure 6.4. Powder XRD patterns of EMT-FAU intergrowths simulated by DIFFaX, 
using the same structural model and lattice parameters as those reported in 
literature.279 Crystallites are assumed to be (a) infinitely large or (b) 30 nm wide and 
15 nm thick according to TEM observations. EMT- and FAU-type stacking are 
assumed to occur randomly; probability of the occurrence of each type of stacking 
thus equals relative content of the corresponding phase. 
However, considering the different stabilities of EMT and FAU phases, one 
anticipates the spatial distribution of the two phases in a zeolite crystal to be uneven. 
Because unsaturated coordination of surface atoms usually renders surface of a 
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crystal more energetic than the interior, the more stable FAU phase is probably 
concentrated at the surfaces of the intergrowths to minimize their overall energy. 
Such models were therefore built to test for possible effects of stacking sequence. As 
shown in Figure 6.5, simulation results from the new models present insignificant 
difference from the previous ones (Figure 6.4b). 
 
Figure 6.5. Powder XRD patterns of EMT-FAU intergrowths simulated by DIFFaX, 
using the same structural model and lattice parameters as those reported in 
literature.279 Crystallites are assumed to be 30 nm wide and 15 nm thick. FAU-type 
stacking is assumed to occur only close to surface of the crystallites. Insets: stacking 
sequences used for the simulation. 
For a better intuitive comparison, a finer series of simulated XRD patterns using 
lattice parameters derived from the whole pattern fitting are plotted in parallel with 
the experimental XRD pattern of E150-9h. Although without as good a fitting as that 
achieved by MAUD (Figure 6.3d), Figure 6.6 shows that E150-9h resembles more 
closely the simulated intergrowths with higher EMT contents (90% for example), 
when its well-developed shoulder peak at 2θ = 6.6° is considered. On the other hand, 
the completely undetectable EMT (103) reflection (2θ = 11°) from E150-9h cannot be 
explained by the current simulation where the evolutions of EMT (101) and (103) 
reflections follow the same trend. It may be due to crystal defects other than stacking 
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faults, which could not be modeled by DIFFaX. In addition, textural effects may also 
play a role in shaping the experimental XRD pattern, which are again not considered 
by DIFFaX. Nevertheless, the relative content of EMT in E150-9h can be 
conservatively estimated to be >80% on the basis of low-index reflections (2θ < 10°), 
as these signals are the strongest and appear to be most sensitive to phase 
composition. 
 
Figure 6.6. Experimentally acquired and simulated powder XRD patterns of EMT-
FAU intergrowths. Occurrence of EMT- and FAU-type stacking is assumed to be (a) 
random and (b) segregated with FAU concentrated on surface. Instrumental 
broadening data and lattice parameters (a = 17.68, c = 28.31 Å) obtained from whole 
pattern fitting are used in the simulation. Crystallites are assumed to be 30 nm wide 
and 15 nm thick. 
Interestingly, the XRD pattern of Ctrl-9h also exhibits some characteristics of an 
EMT phase (Figure 6.2a). However, crystallization of the alcohol-free gel (Ctrl) is far 
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from complete at this stage. FAU forms immediately as crystallization continues, 
which indicates its higher thermodynamic stability compared with EMT. The EMT 
phase thus appears to be a short-living intermediate in the growth process where no 
additional structural control is present.268 In contrast, during the ethanol-assisted 
syntheses, the metastable EMT phase is stabilized substantially by ethanol; in the 
presence of enough ethanol (e.g. E75 and E150) no change in crystal structure is 
detected despite extended hydrothermal treatment (Figure 6.2c,d). Such stability is 
essential in practical applications, because it provides a wide-spanned time window 
for product of consistent quality to be recovered. On the other hand, the addition of 
ethanol accelerates the crystallization, affording a more efficient process. Importantly, 
yield of zeolite based on Al input is improved from 50% for Ctrl to 81% for E150. 
The increased yield is attributable to lower solubility of aluminosilicate species in the 
presence of ethanol.264 
TEM images reveal that the EMT-type zeolite of E150-9h has a hierarchical 
structure; the rather uniform submicron particles seen in Figure 6.7a,b are assembled 
from single-crystals approximately an order of magnitude smaller in size, as reported 
in Figure 6.7c. Hexagonally packed channels are clearly visible along the c axis of the 
EMT-type crystallites (for example, Figure 6.7d). A majority of the crystallites are 
plate-like, as shown in Figure 6.7e where a crystallite is observed from perpendicular 
to its c axis. The hexagonal platelet shape of the E150-9h crystallites is matched by 
the results from whole pattern fitting (inset of Figure 6.3d). In comparison, the FAU-
dominant zeolite of Ctrl-15h consists of significantly larger crystallites. Occurrence 
of stacking faults is extensive in this sample. Figure 6.7f gives an example of 
consecutive stacking faults in Ctrl-15h which form local ABAB⋅⋅⋅⋅ stacking identical 
to that of EMT. It explains the detection of diffraction signals characteristic for EMT 
in the products from Ctrl (Figure 6.2a). 




Figure 6.7. TEM images of (a–e) E150-9h and (f) Ctrl-15h. (g) 27Al and (h) 29Si 
MAS NMR spectra of the two samples. Red drawings on the TEM images are visual 
guides. 
To understand the formation of the relatively uniform hierarchical structure of 
E150-9h, the morphological change of gel particles in E150 and Ctrl was investigated 
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by electron microscopy. Figure 6.8a,e show that in both of the gels, “seed” crystals 
start to appear on the surface of amorphous gel particles, indicating a heterogeneous 
nucleation process. Crystal growth then proceeds at the expense of the amorphous gel 
(Figure 6.8b,f,g). Further morphological change is insignificant after the amorphous 
materials are consumed completely (Figure 6.8c,d,h), which corroborate the XRD 
results in Figure 6.2a,e. The heterogeneous nucleation, probably occurring throughout 
the crystallization process, increases the possibility of stacking of individual zeolite 
particles and hence formation of hierarchical structures. At the same time, local 
fluctuation of chemical environment is likely in the highly heterogeneous systems and 
can induce intergrowth of EMT/FAU phases. It has been proven that even in the 
presence of very small amount of one phase, such intergrowth can lead to hierarchical 
structures.133 The two factors discussed above are apparently independent of the 
presence of alcohol, and indeed the zeolite products of both E150 and Ctrl have 
hierarchical structures (Figure 6.8d,h). The difference, however, is that nucleation 
seems to be promoted significantly by ethanol and much smaller sizes of primary 
zeolite crystallites and hierarchical assemblages are achieved (compare Figure 6.8a,e 
and c,g). In addition, ethanol accelerates the crystallization, which is also important in 
size control of the zeolite particles. A complete TEM survey of the crystallization 
process of starting gels with different compositions is reported in Appendix 2.2. 




Figure 6.8. TEM images of (a) E150-5h, (b) E150-7h, (c) E150-9h, (d) E150-18h, (e) 
Ctrl-7h, (f) Ctrl-9h, (g) Ctrl-12h, and (h) Ctrl-18h. Arrows point to growing zeolite 
crystals. 
In contrast to the crystallographic and morphologic differences between E150-9h 
and Ctrl-15h, their short-range structures (within 1–2 chemical bonds) are practically 
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identical according to solid-state NMR analyses (Figure 6.7g,h). In both materials, Al 
exists exclusively in zeolitic tetrahedral coordination centers and virtually all of the Si 
atoms are in Si(OAl)4 sites.284-285 The chemical environment of Si indicates Si/Al 
ratios of close to unity, consistent with X-ray spectroscopic results which give Si/Al = 
1.17 for E150-9h and 1.15 for Ctrl-15h. The low Si/Al ratio is possibly the reason for 
the observation of only one type of signal from Si nuclei at different crystallographic 
T sites. The similarity in short-range structures (i.e., basic building units) suggests 
that in the present system EMT/FAU polymorphism is not determined by structure of 
the basic building units present at the initial stage of zeolite synthesis; their 
assembling process where ethanol could participate is probably more important. In 
fact, Appendix 2 reveals that other simple alcohols including methanol, n-propanol 
and isopropanol also promote the crystallization of EMT. It is proposed that such an 
effect derives from structural changes in solvated Na+, the template for assembling 
zeolite building units. 
To study the solvation structure of Na+, spin-lattice relaxation rate (1/T1) of 23Na 
in solution was measured by NMR. Table 6.3 shows significant increase in 1/T1 with 
addition of alcohols, indicating enhanced hydration of Na+ 286-287 and/or its co-
solvation by water and alcohol.288-289 Increase in 1/T1 with amount of alcohols added 
is also evidence for more alcohol molecules participating in solvation of Na+.288 Since 
an EMT hypercage is slightly larger than an FAU supercage,279 more strongly 
hydrated Na+ with its larger effective size favors formation of EMT hypercages. On 
the other hand, as illustrated in Figure 6.9, partial replacement of water molecules in 
the solvation sphere of Na+ with bulkier alcohol molecules results in lower symmetry, 
making it difficult for the solvated Na+ to pack into the compact tetrahedral network 
required in FAU. Formation of EMT where additional space in adjacent hypocages 
can contain the asymmetry of template may then be favored. Because of their larger 
molecular sizes and resultant less symmetric co-solvation (Figure 6.9a), ethanol and 
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propanols promote the crystallization of EMT more strongly compared with methanol. 
As a result, with the same amount of the different alcohols added (x = 37), 
isopropanol leads to the fastest onset of EMT crystallization at 7 h of heating, 
followed by ethanol at 9 h and methanol at 12 h (Figure 6.2b,e,f). This explanation is 
in line with the extent of increase in 1/T1 caused by the alcohols (Table 6.3). 
Table 6.3. Spin-lattice relaxation rate of 23Na in mother liquors of zeolite syntheses 
Alcohol added x (mol alcohol / mol Al2O3) 1/T1 (s–1) 
None 0 45.5 
Methanol 37 50.8 
Ethanol 37 55.9 
n-Propanol 37 55.6 
Isopropanol 37 56.1 
Methanol 150 69.7 
Ethanol 150 85.7 
 
 
Figure 6.9. (a) Conceptual illustration of a Na+ ion co-solvated by water and alcohol 
serving as template for EMT. Bulges on the solvation sphere of Na+ depict larger size 
of alcohol molecules, which is accommodated by adjacent EMT hypocages shown in 
(b). (c) Conceptual illustration of Na+ ions solely solvated by water as template for 
FAU. 
Advantages of the alcohol-assisted synthesis of EMT-type zeolite are further 
demonstrated by its robustness against varying composition of starting gel. Figure 
6.10a shows no detectable FAU-type impurity in zeolite products when the 
SiO2/Al2O3 ratio of E150 starting gels is changed to n = 11.8–15.8, and Table 6.4 
does not reflect any remarkable change in yield or Si/Al ratio of the products. The 
micropore volumes compare closely to published data for nano-sized EMT zeolites 
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(0.14–0.18 cm3/g),268 which confirms their crystallinity. Moreover, the products 
possess large surface area and mesoporosity as a result of their hierarchical structure. 
As reported in Figure 6.10c, size distribution of the mesopores is centered around 4–5 
nm, differentiating these samples from free-standing zeolite nanoparticles that form 
larger mesopores upon drying.268, 290 
 
Figure 6.10. (a) Powder XRD patterns, (b) N2 sorption isotherms and (c) Barrett-
Joyner-Halenda pore size distributions of zeolites synthesized from E150 starting gels 
with different SiO2/Al2O3 ratios (n = 11.8–15.8, 9 h of crystallization) 











11.8 1.13 80.0 587 0.38 0.18 
13.8 1.17 80.5 592 0.45 0.17 
15.8 1.18 78.6 609 0.53 0.17 
*determined by EDX 
†based on Al input 
‡specific surface area calculated by the Brunauer-Emmett-Teller (BET) method 
◊mesopore volume calculated by the Barrett-Joyner-Halenda (BJH) method 
●micropore volume calculated from V-t plots 
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The scalability and economy of the present synthetic approach have also been 
examined. A 10-time scaled-up synthesis process of E150-9h consistently 
produced >4 g of EMT-type zeolite per batch. Results in Table 6.5 and Figure 6.11a–
e confirm that at yields generally exceeding 90%, these products have the same 
quality as that of the zeolite produced in the small scale. Their hierarchical structure 
promotes sedimentation and facilitates separation, which is evident in Figure 6.11f. 
After separation of product, >90% of ethanol fed to the scaled-up synthesis was 
recovered through fractional distillation. Importantly, the recycled ethanol and mother 
liquor can be used for further production of zeolites with consistent yield and quality. 
The recycling renders the process highly efficient in terms of materials utilization, 
and minimizes its environmental impact by dramatically reducing release of alkaline 
wastes. 
Table 6.5. Results of scaled-up synthesis of hierarchical EMT-type zeolite 







recycled ethanol (wt %) 
Cycle 1, run 1 1.19 88 92 92 
Cycle 2, run 1 1.15 97 N. A.‡ N. A. 
Cycle 1, run 2 1.18 94 91 92 
Cycle 2, run 2 1.17 92 N. A. N. A. 
*determined by EDX 
†based on Al input 
‡not applicable 




Figure 6.11. (a–e) Powder XRD pattern of (a) E150-9h synthesized in the small scale 
compared with those of products synthesized in the large scale: (b) synthesis cycle 1 
of run 1, (c) synthesis cycle 2 of run 1, (d) synthesis cycle 1 of run 2, and (e) 
synthesis cycle 2 of run 2. (f) Photograph of a synthesis gel after complete 
crystallization in the scaled-up process. (g) Photograph of EMT-type zeolite produced 
in one batch (4 g in mass) in the scaled-up process. 
6.3.2. Catalyst preparation and evaluation 
Wet impregnation of the zeolites with ammoniac solutions of PtCl2 (and Na2CO3 
in some cases) results in highly dispersed Pt and Na species; the XRD patterns of the 
as-synthesized catalysts in Figure 6.12 show no signals of additional crystalline 
phases other than the support materials. At the same time, certain extent of 
amorphization of the EMT-type zeolite is observed when Na2CO3 is co-impregnated. 
Sensitivity of low-silica zeolites to degradation is well-recognized, and in this case 
the degradation is accelerated by the large surface area and higher pH in the presence 
of CO32–.291 Amorphization of the EMT-type zeolite is unnoticeable in the absence of 
Na2CO3. 




Figure 6.12. Powder XRD patterns of as-synthesized catalysts. The strongest peak of 
Pt02-X is truncated for clear presentation of other peaks. 
The XRD results about stability of the EMT-type zeolite during impregnation are 
confirmed by N2 sorption characterization, the results of which are summarized in 
Table 6.6. Compared with the pristine support material (Table 6.4), Pt02-EMT 
possesses similar specific surface area and micropore volume which indicates 
negligible amorphization. The decreased surface area and pore volume of Pt01Na-
EMT and Pt02Na-EMT also correspond well to the trend observed in the XRD results. 
Table 6.6. Composition and textural properties of as-synthesized catalysts 










Pt01Na-EMT 0.93 524 175 0.32 0.15 
Pt02Na-EMT 1.91 449 121 0.31 0.13 
Pt02-EMT 2.05 611 191 0.38 0.17 
Pt02-X 1.83 588 25 0.03 0.23 
*determined by ICP-OES 
†external surface area calculated by combination of BET method and V-t plots 
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At 1 atm and 240–280 °C, all of the catalysts convert CO2 to CO with 100% 
selectivity. Their activity, however, differs greatly. As shown in Table 6.7 and Figure 
6.13a, the catalysts supported on hierarchical EMT-type zeolite are in general 2.5–8 
times more efficient than that supported on commercial zeolite X, in terms of activity 
normalized by Pt content. Beneficial effects of decreased Pt loading and co-
impregnated Na are also clearly observed. From the Arrhenius-type plots in Figure 
6.13b, similar activation energies of 59.7±1.6 kJ/mol are measured for CO2 
hydrogenation as reported in Table 6.7 (CO2 conversion <10% except for Pt02Na-
EMT at 280 °C where it is 11.1%, but inclusion of this data point has minimal effect 
on the result). The activation energy is remarkably lower than that of alkali-free Pt 
catalysts in RWGS (82 kJ/mol)292 and closer to that of Na-promoted counterparts 
measured in WGS reaction (65 kJ/mol).293 It is most likely that the same type of 
active site, i.e. Na-stabilized Pt–OHx, is responsible for the activity of the four 
catalysts, and the difference in activity should be attributed to different densities of 
available active sites. The dispersion of Pt and interaction between Na and Pt which 
determine the amount of active sites will hence be investigated. 














Pt01Na-EMT 40.2 58.8±1.3 10 0.6 203 
Pt02Na-EMT 25.2 58.1±1.2 14 0.8 167 
Pt02-EMT 14.5 61.3±1.7 13 0.8 145 
Pt02-X 5.2 58.6±1.6 36 7.3 10.2 
*turnover frequency measured at 280 °C at the end of stability test, defined as moles 
of CO2 converted per mole of total Pt content per second 
†apparent activation energy measured at 240–280 °C, with 95% confidence level 
‡calculated from broadening of Pt (111) peak in XRD patterns 
◊measured by XPS 




Figure 6.13. (a) Normalized CO2 hydrogenation activity, (b) Arrhenius-type plots, 
and (c) stability of the catalysts. Selectivity of CO formation was 100% in all 
experiments. 
As an indicator of metal dispersion, size of primary Pt crystallites in spent 
catalysts was calculated from XRD patterns presented in Figure 6.14. The results in 
Table 6.7 show smaller crystallite size of Pt on the EMT-type support compared with 
that on the commercial zeolite X, suggesting higher metal dispersion in the EMT-
supported catalysts. The advantage can be related to the larger external surface area 
and mesopore volume of the EMT-supported catalysts (see Table 6.6); farther 
separation of individual Pt nanoparticles is possible in such conditions, which inhibits 
sintering and hence particle growth during activation of the catalysts.261 For the same 
reason, Pt01Na-EMT has higher metal dispersion than Pt02Na-EMT because a lower 
Pt loading can also lead to longer inter-particle distance. The effects of textural 
properties of catalyst support are further revealed by comparison between bulk 
content (Table 6.6) and surface concentration of Pt (Table 6.7). The surface 
concentration is calculated using Equation 1 where wPt stands for surface mass 
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fraction of Pt, Mi for atomic weight of element i, Ai for area under the peak of element 
i measured by XPS, RSFi for the corresponding molar relative sensitivity factor, and i 
= Pt, O, Na, Al, Si: 
wPt = MPtAPt/RSFPtΣ(MiAi/RSFi)   (1) 
 
Figure 6.14. Powder XRD patterns of spent catalysts. 
The surface Pt concentration of Pt02-X is 4 times that in the bulk. In view of the 
short analysis depth of XPS (generally <10 nm) and large size of Pt crystallites in 
Pt02-X, the actual amount of Pt on the surface may be even higher. In contrast, 
surface concentration of Pt seems to be lower than in the bulk for the EMT-supported 
catalysts. While the effect of limited analysis depth on the XPS characterization still 
cannot be ignored in these cases, less underestimation of surface Pt content is 
expected due to the relatively smaller sizes of Pt particles. It can thus be concluded 
that surface enrichment of Pt is less on the EMT-type support compared with 
commercial zeolite X; instead, significant amount of Pt is probably accommodated by 
the pores within the submicron assemblages of EMT crystals where XPS analysis 
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cannot reach. The negligible difference in the micropore volumes of Pt02Na-EMT 
and pristine support material suggests that the XPS-invisible Pt particles are located 
in mesopores. 
Electron microscopic examination of the spent catalysts in Figure 6.15 confirms 
the different distribution of Pt particles: they are concentrated on the outer surface of 
the commercial zeolite X particles, but evenly spread across the entire volume of the 
hierarchical EMT-type zeolites. In all of the catalysts Pt particles with sizes of 2–3 
nm are found much more numerous than the larger ones detected by XRD, and are 
probably responsible for the major part of catalytic activity. The larger number of 
such Pt nanoparticles in the EMT-supported catalysts should therefore be an 
important factor in their high activity (compare Figure 6.15b,d,f with h). 
On the other hand, correlation between surface Na/Pt ratio and activity of the 
catalysts cannot be neglected (Table 6.7). The relation is most obvious when Pt02Na-
EMT and Pt02-EMT are compared, since the former has no apparent advantage in 
terms of metal dispersion and textural properties. It has been reported that Na forms 
Na–O–Pt structures in active water gas shift catalysts and appears at a binding energy 
(B.E.) of ca. 1072 eV in Na 1s XPS spectra.294 Indeed, a Na 1s peak at B.E. = 1072.1 
eV is found for Pt02-X and Pt02-EMT as shown in Figure 6.16a. Co-impregnation of 
Na2CO3 leads to a convoluted peak centered at 1071.8 eV, presumably due to 
contribution of signals from Na2CO3 at B.E. = 1071.5 eV and/or NaHCO3 at B.E. = 
1071.3 eV.295 However, in the present work quantification of Na–O–Pt species is 
complicated by the close B.E. of the abovementioned species, and more importantly 
by the presence of abundant zeolitic Na which has 1s B.E. values also around 1072 
eV.296 Nevertheless, the detection of excess Na2CO3 or NaHCO3 in Pt01Na-EMT and 
Pt02Na-EMT suggests saturation of Pt surface with Na, which serves as an indirect 
evidence of higher surface coverage of Na–O–Pt in these catalysts. In addition, a 
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weak shoulder at B.E. = 1073.3 eV is detected in all of the Na 1s spectra, which is 
attributed to NaOxCy species.297 
 
Figure 6.15. HAADF images of spent catalysts: (a,b) Pt01Na-EMT, (c,d) Pt02Na-
EMT, (e,f) Pt02-EMT, and (g,h) Pt02-X. 




Figure 6.16. Deconvolution of XPS spectra for (a) Na 1s and (b) Pt 4f / Al 2p of 
spent catalysts. 
From the Pt 4f XPS spectra in Figure 6.16b, coexistence of Pt(0) and Pt(II) which 
have B.E. of 71.1 and 72.5 eV respectively is identified in all of the catalysts (Al 2p 
signals at a B.E. of ca. 74.3 eV overlap with Pt 4f5/2, and deconvolution was achieved 
by setting Pt 4f spin-orbit splitting to be 3.4 eV).295 The fraction of Pt(II) among total 
amount of Pt species detected by XPS increases from 19% in Pt02-EMT to 25% in 
Pt02Na-EMT as a result of stabilization effects of Na on Pt(II) complexes.272 
Finally, high stability of the catalysts is demonstrated in Figure 6.13c. At 280 °C, 
no decrease in activity was detected for the EMT-supported catalysts and the activity 
of Pt02-X decreased marginally by 4.5% over a 20 h period. The activity is 
apparently not affected by change in crystallinity of the support material as is evident 
in a comparison between Figure 6.12 and Figure 6.14. It indicates that the active sites 
are located on the exterior of the zeolite particles, and in turn corroborates the 
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advantage of the EMT-type support to be large external surface area and high 
mesoporosity which result from its hierarchical structure. 
 
6.4. Conclusions 
A robust and sustainable method of synthesizing hierarchical EMT-type zeolite 
without conventional OSDAs has been successfully developed. The present approach 
to the control of zeolite polymorphism exploits the ubiquitous phenomenon of sodium 
ion solvation with water and alcohol molecules. This unconventional template-based 
method may be extendable to syntheses of other types of zeolites in future, and in the 
meanwhile provides a different perspective on the understanding of formation of 
zeolitic materials. While higher Si/Al ratios remain to be desired for application in a 
wider spectrum of catalytic reactions, it has been shown that highly selective and 
stable Pt catalysts for RWGS can be prepared using the low-silica EMT-type zeolite 
as support material. Its hierarchical structure leads to significant advantages over 
commercial zeolite X in terms of metal utilization, and the low cost makes it a more 
economical choice than reducible supports such as CeO2 and TiO2. The present work 
thus demonstrates considerable potential of the hierarchical EMT-type zeolite for 
practical applications. 
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Chapter 7. Integration of Porous Cu/Zn Silicate 
Assemblages with ZSM-5 Nanocrystals for Direct 
Dimethyl Ether Synthesis from CO2/H2 
 
7.1. Introduction 
In Chapter 4, it has been demonstrated that phyllosilicates can be synthesized in 
highly porous, ordered forms. Compared with amorphous silica/aluminosilicates, 
their well-defined crystallographic structure provides basis for the accommodation of 
large amount of metal elements and hence activity in a wider range of reactions such 
as catalytic hydrogenation of CO2. However, the synthesis of these metal silicates and 
another important group of crystalline silicates, zeolites, requires harsh conditions 
(e.g. hydrothermal treatment) that are unnecessary in the sol-gel processing of 
amorphous silica/aluminosilicates.63, 102 Although not an issue in the study of single-
phase materials, the harsh synthesis environment creates significant challenges in the 
construction of multi-phase, multi-functional nanostructures which has been an 
increasingly popular field of research; once exposed to such synthesis conditions, 
unstable component materials cannot be preserved and choice of materials for direct 
integration into complex structures are very limited. For example, while it is 
relatively common to deposit mesoporous amorphous silica on various stable and 
unstable materials, integration of hydrothermally grown phyllosilicates has only been 
successful with robust Fe3O4 and noble metals.49, 54-56, 298 
To tackle the issue of stability during synthesis of composite materials, a 
protective layer can be introduced onto the unstable phase. Apparently, the choice of 
material for the protective layer is important to the success of this strategy; it should 
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(i) be synthesized in mild conditions, (ii) closely conform to the outline of the 
protected phase, (iii) be chemically and structurally resistant, and (iv) be easily 
removable. Resorcinol-formaldehyde resin (RF), for example, is a good candidate. It 
is a thermosetting polymer with excellent stability, and can be synthesized at low 
temperature by condensation of resorcinol and formaldehyde in weakly alkaline 
conditions.299 Preparation of RF coatings with homogeneous and tunable thickness on 
nanomaterials has been reported,300-302 and being composed of only C, H, and O, RF 
can be completely removed by calcination. However, in the field of materials 
chemistry, RF has been mainly used as a precursor for pyrolytic carbon with its 
application in the construction of composite nanomaterials largely ignored.3, 303-304 
In this work, a method of integrating zeolite nanocrystals in hydrothermally 
synthesized, porous transition metal silicates is developed for the first time using RF 
as a protective spacer. The zeolite of interest, ZSM-5, has been one of the most 
extensively studied zeolites in nanometer-sized forms.105-106, 131, 305-306 It has been 
shown to catalyze the dehydration of methanol into dimethyl ether (DME) and the 
methanol-to-olefin (MTO) reaction.173, 307-308 The combination of ZSM-5 with a 
methanol synthesis catalyst therefore provides a possible route for direct production 
of DME and olefins from syngas or CO2/H2 mixture. Indeed, hybrids of ZSM-5 and 
other zeolites with conventional metal oxide-based methanol synthesis catalysts have 
been studied for such purposes with positive results.178, 309-312 It is thus interesting to 
explore the composite system consisting of ZSM-5 and Cu/Zn silicate nanostructures 
that are also active in the methanol synthesis reaction. Bringing methanol synthesis 
and conversion catalysts into intimate proximity by structural integration improves 
mass transfer between the two catalysts. As synthesis of methanol from CO2 is 
thermodynamically more limited than its subsequent conversion to hydrocarbons, the 
integration may break chemical equilibrium on the methanol synthesis catalyst in 
high-conversion conditions and enhance overall performance. 
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7.2. Experimental Section 
7.2.1. Chemicals and reagents 
Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), 
poly(diallyldimethylammonium) chloride solution (PDDA, 20%), aluminum 
triisopropoxide (ATIP), resorcinol, formaldehyde solution (HCHO, 37%), and zinc 
nitrate [Zn(NO3)2⋅6H2O] from Sigma-Aldrich, tetra-n-propylammonium hydroxide 
solution (TPAOH, 40%) and ZSM-5 zeolite (NH4-type, Si/Al = 80) form Alfa Aesar, 
copper nitrate [Cu(NO3)2⋅3H2O], sodium hydroxide (NaOH), and ammonia solution 
(25%) from Merck, and ethanol (EtOH) from Fisher Scientific were used as received 
without further purification. Deionized water was used throughout the work. 
7.2.2. Synthesis of ZSM-5 nanocrystals 
ZSM-5 nanocrystals with a Si/Al ratio of 56 were synthesized using a modified 
version of a reported method.131 60 mg of ATIP was first dispersed with 6.25 g of 
TEOS by stirring for 20 min. A mixture of 30 mg of 50% NaOH solution, 4.58 g of 
40% TPAOH solution, and 2.65 g of water was then added to the organic phase. After 
being stirred overnight at room temperature, the zeolite precursor having the 
composition of 60SiO2–0.3Al2O3–18TPAOH–0.75NaOH–600H2O–240EtOH was 
sealed in a 30 mL Teflon-lined stainless steel autoclave and kept in an electrically 
heated oven at 120 °C for 48 h. The autoclave was cooled naturally and the zeolite 
product was separated by 3 cycles of centrifugation and wash with water. 
7.2.3. Coating of ZSM-5 nanocrystals with RF resin 
The as-synthesized ZSM-5 nanocrystals were dispersed in 20 mL of 2% PDDA 
solution and stirred at room temperature for 2 h. The treated ZSM-5 particles were 
separated by 2 cycles of centrifugation and wash with water. The washed particles 
were then dispersed in water at a concentration of 80 mg/mL based on calcined 
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weight of the zeolite. 1 mL of such suspension was diluted with 4 mL of ethanol and 
10 mL water, in which 55 mg of resorcinol and 150 µL of 5% NH3 solution were 
dissolved. The mixture was stirred for 20 min before addition of 70 µL of 37% 
HCHO solution, aging at room temperature overnight, and curing in an oven 
electrically heated at 60 °C for 2 h. The resultant precipitate was separated by 
centrifugation and washed with ethanol. It was finally dispersed in 10 mL of ethanol 
so that the zeolite content was 8 mg/mL. The product is denoted by nZ@RF. 
7.2.4. Coating of commercial ZSM-5 with RF resin 
100 mg of commercial ZSM-5 was dispersed in 5 mL of 4% PDDA solution and 
stirred at room temperature for 2 h before being separated by 2 cycles of 
centrifugation and wash with water. The particles were dispersed in a solution 
containing 11 mL of water, 4 mL of ethanol, 55 mg of resorcinol and 150 µL of 5% 
NH3 solution. After 20 min of stirring, 70 µL of 37% HCHO solution was added and 
stirring was continued at room temperature overnight. Curing was then performed in 
an oven electrically heated at 60 °C for 2 h. Finally, the precipitate was separated by 
centrifugation, washed with ethanol and dispersed in 12.5 mL of ethanol to achieve a 
zeolite content of 8 mg/mL. The product is denoted by cZ@RF. 
7.2.5. Coating of ZSM-5@RF particles with mesoporous silica 
2–4 mL of the ethanol suspension of either the nZ@RF or the cZ@RF particles 
was diluted with ethanol to a total volume of 8 mL. 100 mg of CTAB and 120 µL of 
TEOS was dissolved in the suspension by 10 min of stirring. 9 mL of water and 100 
µL of 25% NH3 solution were then added, followed by vigorous stirring at room 
temperature overnight. The product was separated by centrifugation and washed with 
ethanol for 3 times before being dried at 60 °C. Depending on the amount of particles 
added, the product is denoted by 2nZ@RF@mSiO2 (synthesized from 2 mL of 
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nZ@RF), 4nZ@RF@mSiO2 (4 mL of nZ@RF), or 4cZ@RF@mSiO2 (4 mL of 
cZSM-5@RF). 
7.2.6. Conversion of silica to Cu/Zn silicate 
The double-coated sample was dispersed in 10 mL of water, to which 0.75 mL of 
1 mol/L Cu(NO3)2 solution, 0.1 mL of 1 mol/L Zn(NO3)2 solution, and 1 mL of 25% 
NH3 solution were added. The mixture was sealed in a 30 mL Teflon-lined stainless 
steel autoclave and kept in an electrically heated oven at 150 °C for 4 h. The 
autoclave was cooled naturally and the product was separated by 3 cycles of 
centrifugation and wash with water. Drying of the product was carried out at 60 °C. 
The product is named 2nZ@RF@CZS, 4nZ@RF@CZS, or 4cZ@RF@CZS 
according to the precursor particles used. 
7.2.7. Calcination of samples 
The as-synthesized ZSM-5 nanocrystals and ZSM-5@RF@CZS composites were 
calcined in static air using a muffle furnace. The temperature was increased from 
room temperature to 500 °C at 2 °C/min, and kept at 500 °C for 4 h before the 
samples were cooled down naturally. The calcined composites are denoted by 
2nZ@CZS-2, 4nZ@CZS and 4cZ@CZS. 
7.2.8. Evaluation of catalysts 
200 mg of catalyst was loaded into a 3/8” stainless steel reactor to form a fixed 
bed. Details about the reactor set-up can be found in Section 3.9. The catalyst was 
activated in situ in a 50 mL/min flow of 10% H2/N2 at 1 atm, 260 °C for 4 h (heating 
rate = 2 °C/min). The feed gas was then switched to a 3:1 H2/CO2 mixture containing 
4% of N2 as internal standard. The flow rate was kept at 32 std mL/min and the 
pressure was increased to 30 bar. The effluent was sampled and analyzed by an 
automated GC. 
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7.2.9. Materials characterization 
In this work, charge reference for XPS analysis was made to the 1s binding energy 
of C bonded only to C and H at 284.8 eV. Samples were outgassed in vacuum at 
225 °C for 4 h before N2 sorption experiments. 
 
7.3. Results and Discussion 
7.3.1. Synthesis of ZSM-5 nanocrystals 
During the preparation of the precursor mixture for zeolite synthesis, TEOS 
hydrolyzed in the highly alkaline condition created by TPAOH to form a visibly 
cloudy colloid. After 48 h of hydrothermal treatment a stable colloid of ZSM-5 
nanocrystals was obtained with a SiO2-based yield of 87%. The product was easily 
dispersed in water or ethanol. TEM results in Figure 7.1a show that the particles have 
slab-like shapes with sizes of 50–200 nm. At higher magnification, lattice fringes 
extending through the entire particle are clearly observed, indicating the single-crystal 
nature of the particles. For example, the fringes shown in Figure 7.1b are 1.0 nm apart 
from each other, which corresponds to the (200) spacing of MFI-type framework.278 
Intergrowth is not found among the nanocrystals examined. Powder XRD pattern of 
the as-synthesized particles matches closely the Powder Diffraction File #42-0023 of 
the International Centre for Diffraction Data (orthorhombic ZSM-5, a=20.022, 
b=19.899, c=13.383 Å) as presented in Figure 7.1c. After calcination at 500 °C to 
remove the organic template, the crystallinity of the zeolite nanocrystals was not 
affected. 
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Figure 7.1. (a,b) TEM images of as-synthesized ZSM-5 nanocrystals and (c) powder 
XRD patterns of the as-synthesized and calcined ZSM-5 nanocrystals compared with 
the PDF card of ZSM-5. 
7.3.2. RF resin and mesoporous silica coating 
In alkaline environments where RF resin is synthesized, the surfaces of both the 
zeolite and the RF resin are negatively charged.302, 313 The coulombic repulsion 
prevents strong bonding of RF coating with the zeolite and decreases its protective 
effect. However, by modifying the zeolite surface with the cationic polymer PDDA 
which renders it positively charged,10 a dense and even RF coating is achieved as 
shown in Figure 7.2a,b. The thickness of the RF coating on the ZSM-5 nanocrystals 
and commercial ZSM-5 is 20 nm and 70–180 nm, respectively. Considering the fact 
that a lower RF/zeolite ratio was used in coating the commercial ZSM-5 (5 mmol of 
resorcinol per gram of zeolite for cZ@RF versus 6.25 mmol/g for nZ@RF), the 
Chapter 7. Integration of Porous Cu/Zn Silicate Assemblages with ZSM-5 Nanocrystals for Direct 
Dimethyl Ether Synthesis from CO2/H2 
156 
 
thicker RF layer is apparently a result of the much smaller external surface area of the 
micrometer-sized commercial ZSM-5. 
 
Figure 7.2. TEM images of (a) nZ@RF and (b) cZ@RF samples, and XPS spectra of 
nZ@RF: (c) C 1s, (d) N 1s, and (e) Si 2p. 
 The quality of RF coating on the ZSM-5 nanocrystals was further examined by 
XPS. The C 1s spectrum in Figure 7.2c indicates the presence of three types of C 
atoms in a typical RF resin.314 The peak at the binding energy (B. E.) of 284.8 eV can 
be assigned to C atoms bonded with C and H only, including those in benzene rings 
and in methylene bridges. The signal of C–O (i.e., C atoms at O-substituted positions 
in the benzene ring and in ether bridges) appears at the B. E. of 286.4 eV. A weak 
peak at B. E. = 287.9 eV can also be resolved which corresponds to carbonyl groups, 
indicating a low degree of oxidation of resorcinol. In addition, satellite peaks at 
higher B. E. due to the delocalized π bond in benzene rings are observed.315 Figure 
7.2d shows two types of N atoms: a positively charged quaternary ammonium type at 
the B. E. of 402.0 eV that is assigned to PDDA molecules and a charge-neutral type 
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at the B. E. of 399.7 eV that is probably due to amines produced by condensation of 
ammonia and formaldehyde.316 As the depth of analysis for XPS is usually less than 
10 nm, the detection of the supposedly underlying PDDA in the 20-nm thick RF 
coating indicates significant mixing and hence interaction between the two polymers, 
which in turn reflect the mediating role of PDDA in the coating process. The Si 2p 
spectrum in Figure 7.2e shows negligible signal from Si, thus confirming full 
coverage of the zeolite particles with the RF coating. 
Similar to the situation of coating zeolite with RF resin, deposition of SiO2 was 
carried out in alkaline conditions where bonding of pure SiO2 with RF is also 
hindered by repulsion between their negatively charged surfaces. The cationic 
surfactant, CTAB, was therefore used to modify the surface of RF and at the same 
time served as the template for mesopores in SiO2.317 Figure 7.3 shows that 
mesoporous SiO2 (mSiO2) coatings with even thicknesses are obtained which 
conform closely to the outline of the underlying RF layer. In the bright-field TEM 
images (Figure 7.3a–c), the inner RF coating is discernable as low-contrast areas 
between the zeolite cores and outer mSiO2 layer. The wormhole-like mesopores 
within SiO2 are visible in Figure 7.3a,b. Higher contrast between the different layers 
is achieved by HAADF imaging (Figure 7.3d) where signal strength correlates 
directly with atomic number of elements forming the material.318 The C- and H-rich 
RF layer thus appears darker in Figure 7.3d compared with the zeolite core and 
mSiO2 layer, as Si is one period heavier than C. The thickness of the mSiO2 coating is 
controlled by the ratio between the amounts of Si precursor and substrate particles. In 
2nZ@RF@mSiO2 the thickness is ca. 70 nm while it decreases to 30 nm in 
4nZ@RF@mSiO2 due to less Si source available per unit weight of nZ@RF substrate. 
However, with a Si/substrate ratio close to that in the synthesis of 4nZ@RF@mSiO2, 
the 4cZ@RF@mSiO2 has a thicker mSiO2 layer (ca. 90 nm) because of the smaller 
external surface area of cZ@RF. 
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Figure 7.3. TEM images of (a) 2nZ@RF@mSiO2, (b) 4nZ@RF@mSiO2, (c) 
4cZ@RF@mSiO2, and (d) HAADF image of 4nZ@RF@mSiO2. 
7.3.3. Conversion of mSiO2 to copper/zinc silicate 
The mSiO2 layer of the composite particles was converted to silicate materials in 
ammoniac solutions of Cu2+ and Zn2+ under hydrothermal conditions. The CTAB in 
mSiO2 was not removed prior to the hydrothermal treatment, because in Section 4.3.1 
it has been shown that CTAB can serve as soft template in the synthesis of single-
walled copper silicate nanotubes. Figure 7.4 shows that the mSiO2 coating in 
2nZ@RF@mSiO2 was dissolved and replaced with silicate materials of different 
morphologies after the hydrothermal treatment. In contrast, the zeolite core and the 
RF coating remained intact. In terms of morphological characteristics, two types of 
silicates can be observed covering the nZ@RF particles: a tubular type (Figure 7.4a) 
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and a flaky type (Figure 7.4c,d). The tubular type forms the major part of the silicate 
shell and nZ@RF particles covered with only the flaky type are found less frequently. 
Mixtures of both where the flaky silicate is on the outside (Figure 7.4b), however, 
seem to be the most common. In addition, bare nZ@RF particles without a silicate 
shell are also found in low numbers. Given the similar synthesis methods in Chapter 4 
and in this work, the single-walled tubular silicate is most probably Cu-rich 
chrysocolla. In Figure 7.4d, stacking of individual lamellae in the flaky silicate is 
clearly visible. The interspace between the lamellae is ca. 1.4 nm wide, suggesting a 
high possibility of the silicate being of the chlorite group.319 
 
Figure 7.4. TEM images of 2nZ@RF@CZS. 
Further characterization of 2nZ@RF@CZS with STEM-EDX reveals different 
relative abundance of Cu and Zn in the two types of silicate shells. Figure 7.5a,b 
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shows highly matched distributions of Si, Cu, and Zn in the shells due to formation of 
Cu/Zn silicate solid solutions, and the EDX spectra taken at the two sites indicate 
significantly higher Zn content in the flaky silicate (compare Figure 7.5d,e). It 
therefore seems that a high Zn content favors the growth of flaky silicates, which is in 
line with the observation in Chapter 4 that substitution of Cu in single-walled 
chrysocolla nanotubes by other transition metal elements resulted in unfolding of the 
tubular structure. However, the precise nature of the change in crystal structure is 
difficult to determine, because the thin, curled silicate sheets generate poorly resolved 
XRD patterns that overlap with strong diffraction signals of the ZSM-5. 
 
Figure 7.5. (a–c) STEM-EDX elemental mapping of 2nZ@RF@CZS particles: (a) 
with tubular silicate shell, (b) with flaky silicate shell, and (c) without silicate shell. 
(d–f) EDX spectra corresponding to (a–c). The signals of Fe and Co originated from 
the metal parts of the electron microscope, and the signal of Ni was due to the use of 
a Ni grid as sample holder. 
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In addition to forming the silicate shells, Cu is also incorporated readily into the 
RF layer as indicated by Figure 7.5c,f. It reflects the ion exchange property of RF 
resin due to ionization of the resorcinol units.320 Compared with the silicate shells, the 
RF layer has a Cu/Zn ratio of ca. 20 which is significantly higher than that in the 
tubular and flaky silicate shell at Cu/Zn = 3.8 and 0.7, respectively (Figure 7.5d–f). 
While the amounts of Cu2+ and Zn2+ introduced to the precursor mixture have Cu/Zn 
= 7.5, the ratio between the concentrations of available Cu2+ and Zn2+ during 
synthesis is affected by complexation with NH3. The formation constant of 
[Cu(NH3)4]2+ from aqueous Cu2+ and NH3 is generally reported to be at least 3 orders 
of magnitude larger than that of [Zn(NH3)4]2+,321-322 suggesting that during the initial 
stage of the hydrothermal treatment the amount of free Cu2+ is negligible compared 
with Zn2+. The flaky Zn-rich silicates are therefore the most probable product in this 
stage, where Zn in the precursor solution is first consumed. However, since the 
amount of Zn is insufficient to fully convert the SiO2 coating into silicates (the input 
Si/Zn ratio in the precursor mixture is 5 but the maximal possible Si/Zn ratio in pure 
zinc silicate clay is 1.33), the tubular Cu-rich silicates form after depletion of Zn in 
the solution. Apparently when the SiO2 coating has completely reacted and the RF 
layer is exposed to the precursor solution, Cu2+ is significantly more available than 
Zn2+, which explains the higher Cu/Zn ratio in the RF layer than in the silicate shells. 
The above mechanism is also consistent with the observation that the flaky silicate is 
only found on the outside of the silicate shells (Figure 7.4b). 
The morphology of 4nZ@RF@CZS and 4cZ@RF@CZS presented in Figure 7.6 
is similar to that of 2nZ@RF@CZS. The thicknesses of their silicate shells are 
noticeably different due to the different thickness of the SiO2 coatings in the 
precursor particles. The zeolite cores and the RF layer are intact. 
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Figure 7.6. TEM images of (a,b) 4nZ@RF@CZS, (c,d) 4cZ@RF@CZS. 
After calcination, the RF layer is removed by oxidation with air. The space left 
between the zeolite cores and the silicate shells in 2nZ@CZS is clearly identified in 
Figure 7.7a,b. Morphological effects of calcination on the silicate shells are minimal; 
no noticeable collapse of the tubular or sheet-like structures is observed. Interestingly, 
particles with sizes of ca. 10 nm formed on the surface of the zeolite cores, which are 
more obvious on the less covered (Figure 7.7c) and bare (Figure 7.7e) ZSM-5 
particles. Continuous lattice fringes are observed in these particles at high 
magnification, indicating their crystalline nature. The fringes in Figure 7.7d, for 
example, can be assigned to the (110), (200), and (020) planes of monoclinic CuO 
with interplanar spacings of 2.8, 2.3, and 1.7 Å, respectively. Therefore the direction 
of electron beam during acquisition of Figure 7.7d can be regarded as parallel to the 
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[001] zone axis of the CuO nanocrystal observed. The elemental mapping in Figure 
7.7e confirms the particles on the zeolite cores to be Cu-rich and thus supports the 
above conclusion drawn from TEM analysis. Given the incorporation of Cu and Zn in 
the RF layer (Figure 7.5c), the formation of the metal oxide particles can be attributed 
to oxidation of the Cu/Zn-containing RF resin. Indeed, Zn is also detected in the 
calcined sample with low abundance (Figure 7.7e), but it is in a highly dispersed state 
unlike Cu; no evidence of crystalline ZnO is found by TEM. 
 
Figure 7.7. (a) HAADF image, (b–d) TEM images, and (e) STEM-EDX elemental 
mapping of 2nZ@CZS. The inset in (d) is the FFT result of the image. 
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Figure 7.8 shows similar morphology of 4nZ@CZS and 4cZ@CZS compared 
with that of 2nZ@CZS. The metal oxide particles in 4cZ@CZS are larger (up to 40 
nm) than those in the other two samples, presumably due to the thicker Cu/Zn-
containing RF layer in 4cZ@RF@CZS.  
 
Figure 7.8. TEM and HAADF images of (a–c) 4nZ@CZS and (d–f) 4cZ@CZS. 
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The size difference of the CuO particles are also reflected by the XRD patterns in 
Figure 7.9a. The broadening of the diffraction peaks of CuO increases in the order of 
4cZ@CZS < 4nZ@CZS < 2nZ@CZS, indicating a change in particle size in the 
reverse order. However, these signals are generally weak due to low abundance of 
CuO compared with ZSM-5 which generates strong peaks. The relatively weaker 
signals of ZSM-5 in 2nZ@CZS are apparently a result of lower zeolite loading. As 
mentioned earlier, the Cu/Zn silicates are undetected by XRD because of their thin, 
curled shape. While it is possible that the silicates generate broad peaks similar to 
those in Figure 4.3, they may be covered by the signals from ZSM-5. 
 
Figure 7.9. (a) Powder XRD patterns, (b) N2 sorption isotherms, and (c) BJH pore 
size distributions of the ZSM-5@CZS catalysts. 
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The textural properties of the ZSM-5@CZS catalysts were studied by N2 sorption 
experiments. The isotherms shown in Figure 7.9b have the type IV shape with H4 
hysteresis loops according to definition by IUPAC, indicating the samples to be 
mesoporous.245 The step increase in adsorbed gas volume between the relative 
pressure of 0.4 and 0.5 suggests a narrow size distribution of mesopores, which is 
confirmed by the BJH calculation results in Figure 7.9c. Peaking at 3.4–3.6 nm, the 
pore size distributions compare closely with that of single-walled Cu silicate 
nanotubes reported in Chapter 4. The volume of mesopores, however, differs in the 
order of 4cZ@CZS < 4nZ@CZS < 2nZ@CZS as listed in Table 7.1. Since the zeolite 
cores are microporous only, the mesopore volume should correlate with amount of 
Cu/Zn silicate shells which is in turn associated with Cu/Zn content of the catalysts. 
Indeed, similar trends are observed in total metal loading and mesopore volume. The 
metal loading and amount of Cu/Zn silicate are apparently affected by zeolite loading, 
as the zeolite remained inert during the growth of silicate shells.  















2nZ@CZS 20 21.8 11.8 454 0.02 0.68 
4nZ@CZS 36 15.9 9.8 350 0.05 0.40 
4cZ@CZS 40 12.5 10.2 351 0.03 0.31 
*determined by ICP-OES 
Dividing the specific micropore volumes of the ZSM-5@CZS catalysts by their 
zeolite contents gives corresponding specific micropore volumes of the ZSM-5 phase. 
The values for the ZSM-5 nanocrystals in 2nZ@CZS (0.12 cm3/g) and 4nZ@CZS 
(0.15 cm3/g) are comparable with reported values of 0.1–0.2 cm3/g.105, 306, 323 However, 
the value for the commercial ZSM-5 in 4cZ@CZS at 0.07 cm3/g is significantly lower, 
probably due to blocking of its micropores by CuO particles; the external surface area 
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of the commercial ZSM-5 is smaller than that of the ZSM-5 nanocrystals, making the 
former more susceptible to pore clogging. 
7.3.4. Catalytic performance 
At 260 °C, 30 bar, the ZSM-5@CZS catalysts exhibit significant activity in CO2 
hydrogenation with long-term CO2 conversions of 9% for 4cZ@CZS, 12% for 
4nZ@CZS, and 14% for 2nZ@CZS. CO, methanol, dimethyl ether (DME) are the 
main products. As the Cu and Zn species are responsible for the CO2 hydrogenation, 
the activity was normalized by the total metal content for a meaningful comparison. 
While the CO2 conversion on 2nZ@CZS is higher than on 4nZ@CZS, Figure 7.10a 
shows that the specific activity of 2nZ@CZS is in fact lower. Similarly, the organics 
selectivity (defined as moles of C forming organic products divided by moles of CO2 
converted) presented in Figure 7.10b is also lower for 2nZ@CZS. The promoting role 
of Zn in Cu-based methanol synthesis catalysts is well-established,155, 324 and such 
difference may be attributed to the higher Zn/Cu ratio in 4nZ@CZS (Table 7.1). Note 
that the Zn/Cu ratios of the ZSM-5@CZS catalysts are close to those of Zn34-
CuSiNT and Zn43-CuSiNT studied in Chapter 4 where the more Zn-rich Zn43-
CuSiNT showed a lower specific activity and no significant difference in selectivity 
was found. It can be explained by poorer mixing of Cu and Zn in the ZSM-5@CZS 
catalysts which is evident from the presence of separate Cu-rich, Zn-rich silicate 
phases and Cu-rich oxide phases, because in such conditions a higher Zn content is 
required to achieve the same degree of contact between Cu and Zn species. In the 
CuSiNTs, a small amount of post-synthesis Zn doping highly dispersed in the Cu 
silicate structure was enough to influence the entire surface of the catalyst. The 
promoting role of excess Zn doping in CuSiNT was insignificant and specific activity 
decreased as the excess Zn was taken into account when calculating total metal 
content. Apparently, in the nZ@CZS catalysts the promoting effect of Zn is more 
important, increasing both activity and organics selectivity. However, the even higher 
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Zn/Cu ratio in 4cZ@CZS does not lead to further increase in organics selectivity, 
which is consistent with the observation in Chapter 4. It is worth mentioning that the 
relatively low specific activity of 4cZ@CZS is not solely attributed to the dilution 
effect of Zn; the larger CuO particle size and hence lower metal dispersity should 
instead be the main factor (see Figure 7.8 & 7.9a). 
 
Figure 7.10. Performance of the ZSM-5@CZS catalysts: (a) normalized activity, (b) 
organics selectivity, (c) DME/methanol mole ratio, and (d) hydrocarbons/methanol 
mole ratio. 
The catalytic dehydration activity of ZSM-5 has been widely recognized in DME 
synthesis from methanol.16 Figure 7.10c shows that the degree of such conversion has 
strong dependence on both the amount and nature of the ZSM-5 component. The 
advantage of higher zeolite loading is obvious in the comparison between 2nZ@CZS 
and 4nZ@CZS, and at similar zeolite loadings, 4cZ@CZS has a stronger dehydration 
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activity than 4nZ@CZS due to the higher Al content and hence concentration of acid 
sites in the commercial ZSM-5. However, due to the significantly higher methanol 
synthesis activity of 4nZ@CZS, its DME yield compares rather closely with that of 
4cZ@CZS as shown in Table 7.2. In terms of stability, a notable decrease in 
dehydration activity over time sets 4nZ@CZS apart from the other two catalysts. The 
decrease can be attributed to ion exchange and neutralization of the zeolitic acid sites 
with Cu2+, which has been reported for hybrid catalysts consisting of ZSM-5 and 
Cu/ZnO/Al2O3.325 Similarly, migration of Cu species may also play a role in the 
evolution of CO2 hydrogenation activity by causing sintering of Cu particles, though 
it occurs in all of the three catalysts unlike in the case of dehydration activity. The 
relatively fast decrease in dehydration activity of 4nZ@CZS may be associated with 
higher exposure of its zeolite cores (4nZ@CZS contains the largest amount of bare 
ZSM-5 cores among the three catalysts according to TEM observation), but 
additional evidence is needed for a definite conclusion. 
Table 7.2. Yield of organics at the end of stability test 
Catalyst Steady-state methanol yield  
(mol/kgmetal⋅h) 
Steady-state DME yield 
(mol/kgmetal⋅h) 
2nZ@CZS 5.8 2.0 
4nZ@CZS 5.1 3.8 
4cZ@CZS 2.1 4.0 
 
In addition to DME, long-chain hydrocarbons (C6+) were also detected in the 
product stream during the early stage of the catalyst evaluation, indicating the 
presence of strong acid sites in the ZSM-5 cores that catalyze the MTO reactions.326 
The evolution of such activity follows the trend in the initial DME synthesis activity, 
but the strong acid sites are deactivated quickly. The deactivation can be related to the 
neutralization of acidity by Cu2+ and/or coking.326 
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The spent catalysts were studied by powder XRD. The diffraction patterns in 
Figure 7.11 show that the crystal structure of ZSM-5 is preserved. Formation of Cu 
nanoparticles and a more dispersed Cu2O phase is evident. However, it is believed 
that Cu2O formed by oxidation of Cu after the catalysts were unloaded from the 
reactor and exposed to air instead of during the hydrogenation experiment. From the 
broadening of Cu (111) peaks, the crystallite size of Cu is estimated to be 10 nm for 
2nZ@CZS and 4nZ@CZS, and 12 nm for 4cZ@CZS. While the effect of oxidation 
on the size of Cu particles has to be taken into account in determining their actual size 
during catalyst evaluation, the as-calculated Cu particle sizes of the three spent 
catalysts are nevertheless consistent with the relative CO2 hydrogenation activity; 
4cZ@CZS with the largest Cu particle size (and hence lowest metal dispersity) is 
least active despite its highest Zn/Cu ratio. 
 
Figure 7.11. Powder XRD patterns of spent catalysts. 
 
7.4. Conclusions 
In summary, ZSM-5 nanocrystals have been successfully integrated into 
hydrothermally synthesized porous Cu/Zn phyllosilicate nanostructures using RF 
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resin as a removable protective layer. The resistant RF layer separated the zeolite 
cores from the corrosive chemical environment during the synthesis of the 
phyllosilicates and preserved the acidity of ZSM-5. The resulting bi-functional 
catalyst exhibited high activity in CO2-to-methanol and subsequent methanol 
dehydration and MTO reactions which confirms the acidity of the incorporated ZSM-
5. It should be noted that the use of protective RF coating is not limited to the 
construction of multi-phase silicate structures. Other nanocomposites comprising 
materials that need to be synthesized in harsh environments and materials that are 
unstable in such environments can be prepared using this approach, as long as the less 
stable material is compatible with the synthesis conditions of RF resin. In addition, 
the transformation of metal species absorbed in RF resin into crystalline phases may 
serve as a novel synthesis strategy for nanomaterials. Despite being beyond the scope 
of the thesis, it is worth further investigation and development. 
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Chapter 8. Concluding Remarks 
 
The diversity in chemical property and structure of silicate materials is enormous. 
Using hard template-based, soft template-based, template-free methods or their 
combination, novel hierarchically porous silicate materials including transition metal 
phyllosilicate nanotube assemblages, macro-meso-microporous aluminosilicate 
spheres, hierarchical zeolite EMT, and integrated zeolite-phyllosilicate 
nanocomposites were developed in this thesis, which demonstrates the large potential 
of silicate materials in the emerging field of complex nanomaterials design. In-depth 
knowledge about the physicochemical properties and formation mechanism of these 
materials was gained through extensive characterization of the as-synthesized 
materials by electron microscopy, X-ray diffraction, N2 sorption and various 
spectroscopic techniques. Furthermore, encouraging results were obtained on the 
catalytic performance of the hierarchically porous materials in CO2 hydrogenation, 
indicating possible applications in CO2 utilization in general. Sorted according to the 
relevant type of materials, the major findings are summarized as follows. 
i. Chrysocolla-type Cu phyllosilicate synthesized hydrothermally in the 
presence of NH3 in high concentrations has the tendency to form uniform 
single-walled nanotubes which can organize into a hexagonal packing. The 
growth of the Cu silicate nanotubes and hence the secondary structure of 
these nanotubes are controlled by alkalinity and availability of Cu2+ in the 
precursor solution. In contrast to conventional ion exchange processes of clay 
materials that are limited to changing the interlamellar species, the NH3 
complexation-assisted ion exchange provides a strong driving force to alter 
the composition of the silicate lamellae, and doping of the Cu silicate 
nanotubes with Mn2+, Fe2+, Co2+, Ni2+ and/or Zn2+ in significant amounts is 
Chapter 8. Concluding Remarks 
173 
 
thereby possible without damaging the tubular structure. Supported Cu 
nanoparticle catalysts derived from the doped nanotubes have better metal 
utilization than commercial Cu/ZnO/Al2O3 catalysts in CO2 hydrogenation 
reactions and the catalytic properties of the nanocatalysts are easily tuned by 
the doping. 
ii. A water-ethanol-toluene-CTAB microemulsion system can facilitate 
simultaneous incorporation of Al and generation of macro-meso-microporous 
structures in silica particles with minimal impact on the uniformity of their 
size. The high viscosity of the microemulsion probably plays an important 
role in controlling the particle size distribution by decreasing collision and 
coalescence. The size and shape of the soft templates involved in the 
synthesis, i.e. surfactant micelles and giant vesicles, are remarkably affected 
by Hofmeister anion effects of the Al source, [Al(OH)4]–, which lead to 
tunable pore size and topology of the resultant material. Although the 
presence of Al decreases metal dispersity and CO2 hydrogenation activity of 
Cu/ZnO catalysts supported on the hierarchically porous silicate particles, it 
adds functionality to the methanol synthesis catalysts by generating acid sites 
for dehydration of methanol into dimethyl ether. 
iii. Simple alcohols including methanol, ethanol, isopropanol and n-propanol 
have beneficial effects on control of polymorphism during the synthesis of 
EMT-type zeolite without conventional organic structure-directing agents. In 
addition, heterogeneous nucleation of the zeolite is accelerated in the 
presence of the alcohols, which facilitates formation of nanometer-sized 
zeolite crystallites and their assembly into larger, uniform particles. 
Compared with commercial products with large crystallite sizes, the 
hierarchically structured zeolite nanoparticles disperse Pt better. Na-
promoted Pt nanocatalysts supported on the hierarchical EMT-type zeolite 
thus show superior reverse water gas shift reactivity. 
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iv. Resorcinol-formaldehyde resin exhibits good chemical resistance in the harsh 
conditions involved in the hydrothermal synthesis of transition metal silicate 
nanostructures. It can therefore serve as a removable protective layer in the 
integration of hydrothermally unstable materials, for example zeolite ZSM-5 
nanocrystals, within transition metal silicate shells. The acidity of the zeolite 
ZSM-5 is thus preserved during the synthesis procedure, which in 
combination with the methanol synthesis activity of the Cu/Zn silicate shells 
realizes the direct synthesis of dimethyl ether and hydrocarbons from CO2/H2 
mixture. 
Due to limited time and resources, however, the studies carried out in this thesis 
are by no means comprehensive. Catalytic properties of the silicate catalysts, for 
example, are worth significant further investigation in general. On the basis of the 
results obtained, specific limitations of the current studies and recommendations on 
possible future work are summarized as follows. 
i. The detailed crystallographic structure of the CuSiNT (as well as chrysocolla) 
remains to be solved. Diffraction experiments using synchrotron sources may 
yield data of enough quality for this purpose. While only 3d transition metal 
elements were involved in the current work, it would be interesting to test ion 
exchange of Cu2+ in the CuSiNT with heavier elements for further diversity 
in chemical composition. In addition, decoration of the nanotubes with noble 
metal nanoparticles is also a viable strategy of designing more complex 
materials. In terms of catalytic performance, the incorporation of Zn in the 
silicate framework may have an impact on its interaction with Cu and hence 
activity/selectivity of the catalyst. Introducing an additional ZnO phase to the 
surface should thus be beneficial. Moreover, the incorporation of Mn, Fe, Co, 
and Ni in the CuSiNT leads to possible activity in reactions other than RWGS 
and methanol synthesis, for example alcohol oxidation, Fischer-Tropsch 
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synthesis, methane reforming and fine chemical hydrogenation that can be 
experimented on. 
ii. The macropores in the macro-meso-microporous silica/aluminosilicate 
spheres are large enough to accommodate pre-synthesized nanomaterials 
such as noble metals and CuO/ZnO/Al2O3 particles. Integration of the already 
optimized metal catalysts in the macropores affords higher loading and better 
contact between active component and promoter than those achieved by the 
impregnation method, which can potentially lead to better catalytic 
performance. For the support material itself, the incorporation of Al and Na 
makes further transformation to zeolite possible, for example through steam-
assisted solid-state synthesis. Uniform and hierarchically ordered zeolite 
spheres may thus be obtained with similar overall morphology as the 
amorphous precursor particles. 
iii. Mechanisms through which alcohols affect the crystallization of zeolite 
EMT/FAU are largely unclear, and only speculations can be made currently. 
More advanced characterization techniques such as extended X-ray 
absorption fine structure calculations and in-situ NMR may be helpful in this 
regard. Better understanding of the interactions involving the structure-
directing species would an important guide to experiments on synthesis of 
other zeolites using the alcohol-assisted method. In addition, efforts should 
be made on increasing the Si/Al ratio of the zeolite product for a wider 
spectrum of applications in catalysis. Addition of Al chelating agents to 
control its available concentration, for example, is a possible solution. 
iv. Morphological control of multi-metal silicate nanostructures remains difficult 
in one-pot synthesis. While the post-synthesis modification method in 
Chapter 4 will probably yield better results, the simpler one-pot synthesis is 
still worth further development. Since the pore size of the phyllosilicate 
shells is large compared with common chemical species encountered in gas-
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phase reactions, size exclusion effects which are desired properties of a core-
shell structure are absent in the current study. It could be possible, however, 
to encapsulate various other catalytically active materials inside zeolite shells 
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Appendix 1. Supplementary Materials for Chapter 5 
A1.1. Morphology of MASS with varied Al contents 
 
Figure A1.1. TEM images of (a,b) MASS-5, (c,d) MASS-10, (e,f) MASS-20, (g,h) 










A1.2. Morphology of MASS synthesized with varied water concentration 
 
Figure A1.2. TEM images of MASS synthesized by a scaled-down procedure* with 
varied amounts of water: (a,b) 7.0 mL, (c,d) 7.25 mL, (e,f) 7.5 mL, (g,h) 7.75 mL, (i,j) 





Figure A1.2 continued. 
*Synthesis: 50 mg of CTAB, 60 µL of TEOS and 250 µL of toluene were dissolved 
in 8 mL of ethanol, and 4 mg of NaAlO2 and 0.25 mL of 32% NH3 were dissolved in 
certain amount of water. The aqueous phase was poured into the organic phase under 




A1.3. Morphological effects of NH3, CTAB and TEOS in MASS synthesis 
 
Figure A1.3. TEM images of MASS synthesized by the scaled-down procedure (see 
the note in Figure A1.2) using 7 mL of water and different amounts of 32% NH3: (a,b) 





Figure A1.4. TEM images of MASS synthesized by the scaled-down procedure (see 
the note in Figure A1.2) using 5 mg of NaAlO2, 7 mL of water, 0.25 mL of 32% NH3 







Figure A1.5. TEM images of MASS-15 synthesized with different amount of TEOS: 
(a) 180 µL and (b) 240 µL. 
 
A1.4. Additional experiments on Cu/ZnO-loaded MSS and MASS 
Table A1.1 summarizes the composition of the catalysts. Note that the syntheses 
of CZMASS-15-550 and CZMASS-15-550Mg were not mentioned in Chapter 5. For 
the former, the MASS-15 support was calcined at 550 °C for 6 h before impregnation. 
For the latter, before impregnation the MASS-15 support was calcined at 550 °C for 6 
h, treated with 0.2 mol/L Mg(NO3)2 solution (25 mL solution for every gram of 
support) at ambient temperature for 2 h, washed thoroughly with water and calcined 
again at 350 °C for 4 h before impregnation. The treatment with Mg(NO3)2 replaced 
the Na+ in MASS-15 with Mg2+ by ion exchange. 











CZMSS 6.67 3.87 0 0 0 
CZMASS-15 6.91 3.99 0.170 0.319 0 
CZMASS-15-550 6.01 4.21 0.175 0.288 0 
CZMASS-15-550Mg 6.21 4.49 0.170 0 0.101 
 
Figure A1.6 shows clearly that the introduction of Al into MSS decreased the total 




The main factor in the decrease of activity is believed to be limited pore accessibility 
as discussed in Chapter 5. 
 
Figure A1.6. (a) Specific activity, (b) organics selectivity and (c) mole ratio between 
dimethyl ether and methanol in the effluent. The fluctuation in the organics selectivity 
of CZMASS-15 is due to low CO2 conversion which amplified random error. Besides 
methanol and dimethyl ether, CO was the only carbon-containing product detected. 
 
The explanation of the difference in activity is complicated when surface 
chemistry of the support is considered. During catalyst syntheses it was observed that 
the MASS-15 calcined at 500 °C appeared brown to naked eyes. Since FTIR analysis 
showed no trace of organic compounds (see Figure 5.8 of the main text), it was 
suspected that carbon deposition occurred due to either poor air accessibility in the 
pore network or the ability of aluminosilicate to catalyze coking or both. By raising 
the calcination temperature to 550 °C, the resulting product appeared white and 




CZMASS-15 and CZMASS-15-550 in Figure A1.6a, approximately 50% increase 
can be observed as a result of higher calcination temperature, though the activity of 
both catalysts appears to have the tendency to approach towards the same value. It 
thus remains an open question whether carbon deposition could affect the surface 
chemistry of the catalyst and be an issue in catalyst preparation. On the other hand, 
based on previous discussion the removal of carbon deposit could also contribute to 
increased activity by allowing access to the pores that were otherwise blocked by 
carbon. To evaluate this possibility the textural properties were examined for MASS-
15 calcined at 550 °C (MASS-15cal550). Comparison in Figure A1.7 shows that the 
increase in calcination temperature did not increase pore accessibility, nor did it affect 
the pore structure. Therefore the pore blocking effect of carbon deposition is ruled out. 
 
Figure A1.7. (a) N2 sorption isotherms and (b) NLDFT pore size distribution of 
MASS-15 calcined at different temperatures. 
 
Another important consideration was inspired by the study of traditional 
Cu/ZnO/Al2O3 methanol synthesis catalyst. The deactivation effect of Na has been 
proven1 and in the present system it could also be a contributing factor. Following 
this logic, ion exchange was carried out in attempt to enhance the activity of 
CZMASS-15. Results in Figure A1.6a show that the replacement of Na with Mg 
increased the initial activity (by ca. 20%) but as the reaction continued the difference 




examined. Here CZMSS is a good model catalyst because it has the highest activity 
and most noticeable trend in time-dependent activity and selectivity. During the entire 
20 h period, CZMSS showed slowly increasing activity as well as organics selectivity 
(Figure A1.6b), which could be attributed to diffusion of Zn towards Cu surfaces as 
discussed in Chapter 5. Although not obvious, CZMASS-15 exhibited similar trends 
in activity and organics selectivity which are also believed to be the result of Zn 
migration. In contrast, in CZMASS-15-550Mg the Mg atoms could compete with Zn 
for Cu surfaces (Mg2+ has similar ionic radius with Zn2+) and inhibit the formation of 
highly active methanol synthesis sites. Indeed, the activity and organics selectivity of 
CZMASS-15-550Mg decreased in the long term. 
In terms of dimethyl ether production, the effect of Al incorporation is remarkable. 
The selectivity of dimethyl ether relative to that of methanol reflects the acidity of the 
support to a large degree. Interestingly, the replacement of Na with Mg did not affect 
the initial relative selectivity but caused a significant difference as the experiments 
continued. The decreasing activity of acid sites in dimethyl ether synthesis has been 
attributed to neutralization by diffusing metal cations,2 which is believed to be the 
mechanism in the present system. As Mg2+ has stronger neutralizing power than Na+ 
(one Mg2+ ion can neutralize two acid sites), more significant deactivation of acid 
sites is also expected for the Mg-exchanged catalyst assuming comparable diffusion 
rates of Na+ and Mg2+. 
The XRD patterns of spent catalysts in Figure A1.8 show that Cu and Cu2O (due 
to oxidation of Cu during sample handling) were present in the samples. All of the 
Al-containing catalysts show remarkably stronger diffraction signals from Cu than 
CZMSS does, which is an indication of more severe sintering than CZMSS. For 
CZMASS-15 in particular, Cu2O formation is insignificant due to limited Cu surface 
area. Here it should be pointed out that the CO2 hydrogenation experiment with 




the initial stage of the catalytic experiments CZMASS-15-550Mg might have better 
dispersed Cu particles, but the extended reaction time caused probably a larger degree 
of sintering, which made the Cu particle size appear the same for the two spent 
catalysts. Taking the difference in reaction time into consideration, positive effects of 
higher calcination temperature and/or ion exchange with Mg2+ on the dispersity of Cu 
are likely. 
 
Figure A1.8. Powder XRD patterns of spent catalysts. 
Using the crystallite sizes estimated from the peak broadening of the XRD 
patterns and assuming that all the Cu particles in the active catalyst were single 
crystalline and were fully accessible, the approximate dispersity of Cu (i.e., 
percentage of exposed Cu atoms in the total number of Cu atoms) can be calculated. 
Further assuming that all the exposed Cu atoms were active in CO2 hydrogenation, 
the TOF and TON of the catalysts are derived. The results are summarized in Table 
A1.2. Note that the above assumptions cause significant underestimation of 
TOF/TON, as it has already been shown that only certain surface features of Cu 
particles are active in CO2 conversion.3 Moreover, the Cu particles are not fully 




Table A1.2. Catalytic properties of Cu/ZnO-loaded catalysts 







CZMSS 3.7  29.2 19.3 378 
CZMASS-15 11.3  9.6 14.0 269 
CZMASS-15-550Mg 10.4  12.2 11.9 255 
*When both phases coexist, the larger crystallite size is used. 
†defined as number of CO2 molecules converted at a single surface Cu atom per hour, 
calculated based on the average activity during the last 3 h of reaction 
‡defined as the total number of CO2 molecules converted at a single surface Cu atom 
during the 20 h reaction 
To complement the XRD analysis, the spent catalysts were also examined by 
high-angle annular dark-field (HAADF) imaging. The significantly different atomic 
numbers of transition metals and O, Al, Si make the z-contrast images useful in 
locating the Cu particles within the complex structure of MSS / MASS; they appear 
as especially bright spots in such images. It can be seen from Figure A1.9a,b that Cu 
is indeed highly dispersed in CZMSS. Particularly, in Figure A1.9b the Cu particles 
(appearing as tiny bright spots 3−4 nm in size) are evenly distributed within the 
aluminosilicate framework, suggesting significant degree of Cu incorporation in the 
mesopores. In comparison, much larger Cu particles can be observed in the Al-
containing catalysts (Figure A1.9c−h), which is direct evidence of the more severe 
sintering. The Cu particles in CZMASS-15-550 are poorly resolved (Figure A1.9e,f), 
probably because the sample was characterized long (weeks) after removal from the 





Figure A1.9. HAADF images of spent catalysts: (a,b) CZMSS, (c,d) CZMASS-15, 
(e,f) CZMASS-15-550 and (g,h) CZMASS-15-550Mg. Scattered low-contrast bright 
spots outside the boundaries of MSS and MASS are due to the SiO2 aerogel used as 
diluent. 
In addition, EDX elemental analysis coupled with HAADF imaging was used to 
further confirm the chemical nature of the particles corresponding to the bright spots 





Figure A1.10. EDX elemental mapping of spent CZMASS-15. Length of the scale 
bar: 400 nm. 
 
 
Figure A1.11. EDX elemental mapping of spent CZMASS-15-550. Length of the 
scale bar: 400 nm. 
 
 
Figure A1.12. EDX elemental mapping of spent CZMASS-15-550Mg. Length of the 





Besides the Cu/ZnO-loaded catalysts, Cu/ZnO/Ga2O3-loaded catalysts were also 
synthesized in this work in hope that the introduction of Ga could enhance the 
catalytic performance. When loaded onto the Al-free MSS (nominal loading by 
weight percent: Cu 4.5%, ZnO 2.5%, Ga2O3 1.5%), the Cu/ZnO/Ga2O3 system 
exhibited a good initial CO2 hydrogenation activity of 35.0 mol CO2/kg metal⋅h, 
albeit still lower than that of CZMSS. After 20 h of reaction, the activity increased by 
ca. 10% similar to the case of CZMSS. On the other hand, the total organics 
selectivity was improved noticeably by the introduction of Ga; it reached and 
maintained at 0.43. Such effects can be explained as the result of surface modification 
of active Cu particles by Ga.4 The migration of Ga onto Cu particles reduces the 
exposed Cu surface and hence lowers the activity. Along with the introduction of Ga, 
finite amount of dimethyl ether was also produced, giving a relative selectivity of 
0.059 with respect to methanol. It is probably due to the similar chemical properties 
of Ga2O3 and Al2O3 that allowed acid sites to form on Ga2O3. From Figure A1.13a,b 
it can be seen that the metals are highly dispersed, and Figure A1.13c shows that the 
Cu particles possess sizes small enough to be undetectable by XRD technique. 
Compared with CZMSS, the higher metal dispersity brought by Ga may be a result of 
surface-stabilizing effect of Ga on Cu particles. 
 
Figure A1.13. (a,b) HAADF images and (c) XRD pattern of spent Cu/ZnO/Ga2O3-
loaded MSS catalyst 
Furthermore, during the development of Cu/ZnO/Ga2O3-loaded catalysts it was 




dispersity. Briefly, ion exchange of MASS-15cal with aqueous solutions of different 
salts including NH4NO3, Cu(NO3)2 and Al(NO3)3 was carried out prior to catalyst 
impregnation in order to explore the effect of ion adsorption on the catalytic 
performance. As summarized in Table A1.3, without calcination immediately before 
impregnation, all of the catalysts thus synthesized exhibited poor CO2 hydrogenation 
activity and no organics production. Analyses by electron microscopy and XRD 
revealed severe sintering of Cu particles, of which an example is given in Figure 
A1.14. It is believed that the ion exchange process produced partially soluble silicate 
species and/or metal hydroxides. Upon drying they precipitated and blocked most of 
the mesopores. Consequently during impregnation the catalytically active 
components could only accumulate in the macropores and form large particles. 















~10 0 MASS-15cal ion-exchanged with 1M 
NH4NO3 twice at 60°C, dried at 
60°C and impregnated with nitrates 
CZG-MASS-
15Al 
~12 0 MASS-15cal ion-exchanged with 
0.1M Al(NO3)3 at room temperature, 




~12 0 MASS-15cal ion-exchanged with 1M 
NH4NO3 twice at 50°C, dried at 
60°C and impregnated with nitrates 




~12 0 MASS-15cal ion-exchanged with 
0.2M Cu(NO3)2 twice at 50°C, dried 
at 60°C and impregnated with 
nitrates and equimolar amount of 
(NH4)4EDTA 





Figure A1.14. (a,b) HAADF images and (c) XRD pattern of spent CZG-MASS-
15NH4 catalyst. 
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Appendix 2. Supplementary Materials for Chapter 6 
A2.1. XRD survey of the crystallization process of different starting gels 
 
Figure A2.1. XRD patterns of products synthesized by crystallization of different 
















A2.2. TEM survey of the crystallization process of different starting gels 
 
Figure A2.2a. TEM images (at different reaction time and magnifications) of 
products from the precursor gel where n = 13.8, x = 37, ROH = methanol. The arrows 






Figure A2.2b. TEM images (at different reaction time and magnifications) of 
products from the precursor gel where n = 13.8, x = 150, ROH = methanol. The 






Figure A2.2c. TEM images (at different reaction time and magnifications) of 
products from the precursor gel where n = 13.8, x = 37, ROH = ethanol. The arrow 






Figure A2.2d. TEM images (at different reaction time and magnifications) of 






Figure A2.2e. TEM images (at different reaction time and magnifications) of 







Figure A2.2f. TEM images (at different reaction time and magnifications) of 






Figure A2.2g. TEM images (at different reaction time and magnifications) of 






Figure A2.2h. TEM images (at different reaction time and magnifications) of 






Figure A2.2i. TEM images (at different reaction time and magnifications) of 






Figure A2.2j. TEM images (at different reaction time and magnifications) of 






Figure A2.2k. TEM images (at different reaction time and magnifications) of 






Figure A2.2l. TEM images (at different reaction time and magnifications) of 






Figure A2.2m. TEM images (at different reaction time and magnifications) of 






Figure A2.2n. TEM images (at different reaction time and magnifications) of 






Figure A2.2o. TEM images (at different reaction time and magnifications) of 
products from the precursor gel where n = 13.8, x = 0. 
 
 
 
